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Immunochemische aspecten van liet visuele pigment rhodopsine 
Rhodopsine іч het lichtgevoelige eiwit, dat voorkomt in het 
netvlies van het oog van gewervelde dieren. Rhodopsine is gelegen in 
dunne vliesjes (membranen) in de zogenaamde staafjescellen van het 
netvlies. Het is een van de belangrijkste stoffen, die nodig zijn om 
te kunnen zien. Als er licht op rhodopsine valt, dan verandert zijn 
chemische structuur: een met vitamine A verwante stof komt eruit 
vrij en een deel, dat opsine genoemd wordt, blijft achter. Deze 
chemische verandering resulteert uiteindelijk (binnen één seconde) 
in een prikkel naar de hersenen. Hoe dit proces precies verloopt іч 
nog niet bekend. 
Er wordt al lange tijd biochemisch onderzoek gedaan naar de 
eigenschappen van (rhod)opsine. Het is echter nog niet duidelijk hoe 
rhodopsine precies in de staafiescel gelegen is, hoe het nieuu 
gemaakt wordt, hoe het precies functioneert bij het zien en hoe het 
mogelijk betrokken is bij bepaalde ziekte verschijnselen van het 
oog. Deze onderzoeken worden in belangrijke mate bemoeilijkt door het 
feit, dat het "membraan-eiwit" rhodopsine niet oplosbaar is in water. 
Immunochemische technieken kunnen een belangrijk hulpmiddel zijn 
bij het oplossen van deze vragen. Deze technieken berusten op de zeer 
specifieke binding van antilichamen aan bijbehorende antigenen. 
Antilichamen tegen rhodopsine kunnen opgewekt worden in dieren (bijv, 
konijnen) door rhodopsine-preparaten in te spuiten (rhodopsine wordt 
dan gebruikt als antigeen). 
In dit proefschrift wordt nu beschreven hoe met verschillende 
chemische vormen van rhodopsine uit runder ogen de bijbehorende 
antilichamen verkregen werden. Gehoopt werd, antilichamen op te kunnen 
wekken, die specifiek voor de verschillende vormen van rhodopsine 
zouden zijn. De eigenschappen van de verkregen antilichamen werden 
uitgebreid bestudeerd met een aantal immunochemische technieken. 
Inderdaad bleken de antisera (dit zijn de konijne-sera, waarin de 
antilichamen voorkomen) heel specifiek bepaalde vormen van rhodopsine 
te binden. Zo is er bijvoorbeeld een antiserum, dat alleen de onbe­
lichte vorm van rhodopsine herkent. Twee andere antisera herkennen 
daarentegen alleen de belichte vorm van rhodopsine en weer een ander 
antiserum maakt geen onderscheid tussen verschillende rhodopsine 
structuren. Heel opmerkelijk is, dat deze verschillen van de antisera 
niet waargenomen worden als het rhodopsine nog met de membranen van 
de staafjescel verbonden is, maar pas na het toevoegen van bepaalde 
soorten "zeep" (detergentia). 
Van het vermogen van tu/ее van de antisera om onbelicht van 
belicht rhodopsine te onderscheiden hpbben ше gebruik gemaakt om een 
immunochemische techniek te ontwikkelen, waarmee met zeer grote 
gevoeligheid (2000x gevoeliger dan de bestaande technieken) de 
hoeveelheid belicht rhodopsine in netvliezen bepaald kan worden. Dit 
was vroeger slechts mogelijk na een uitgebreide isolatie procedure en 
voorzuivering van rhodopsine. 
Naast de nieuwe fundamenteel wetenschappelijke mogelijkheden, die 
het beschreven onderzoek opent, biedt de beschikbaarheid van antilicha-
men, die specifiek speciale vormen van het rhodopsine herkennen, 
mogelijke toepassingen in de geneeskunde bij bestudering van netvlies 
aandoeningen, zoals retina ontstekingen, retina degeneratie, netvlies-
loslatingen en auto-immuunzlekten. 
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1.1. Rhodopsin and the visual mechanism 
1.1.1. Structure of retina and photoreceptor cells 
Rhodopsin is the visual pigment of the rod photoreceptor cell of 
the vertebrate retina. Its function is to absorb the incident light 
and to convert it eventually into a nervous impulse. This process and 
the relevant structures will be briefly described in this chapter. 
The retina is a specialized part of the nervous system, serving 
for light perception. It is a 0.1-0.5 mm thick layer of tissue, loca-
ted in the posterior half of the eye cup. Six different cell types can 
be distinguished (Fig. 1.1): bipolar, amacrine, horizontal, ganglion, 
Müller and photoreceptor cells. There are two kinds of photoreceptor 
cells: rods and cones. The rods, the most sensitive light receptors, 
function in dim light and are responsiblr for black-white vision. The 
cones are less sensitive and mediate colour vision. In most vertebra-











Figure 1.1. Light microscopic picture of a 













fR£E FLOATING OSKS 
Figure 1.3. Schematic presen­
tation of the rod outer segment. 
Adapted from Young (1970). 
synaps 
Figure 1.2. Schematic diagram of the rod cell. 
Adapted from Hall et al. (1969). 
tes rods greatly outnumber cones, which are concentrated in the foveal 
area of the retina. Since the studies in this thesis concern the uisual 
pigment of the rod cell, the morphology and function of this cell is 
shown in more detail (Fig. 1.2). 
The rod cell is an elongated structure, which has a dimension of 
20 μ χ 1 μ in cattle retina. It consists of an inner and an outer 
segment, connected by a narrow cilium. The rod inner segment contains 
the common intracellular organelles like nucleous, endoplasmatic 
reticulum (Papermaster et al., 1978). Schechter et al. (1979) demon­
strated that in the earliest stages of rhodopsin synthesis a transla­
tion product is formed, which has no extra "signal peptide" (i.e. a 
hydrophobic seguence) on its N-terminus. In this respect, the 
biosynthesis of opsin deviates from that of most other membrane 
proteins. The mechanism for the insertion of the nascent or completed 
opsin chain has not yet been elucidated. Glycosylation is started on 
the endoplasmatic reticulum and is completed in the Golgi system. The 
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new opsin is transported from the Golgi system to the plasma membrane 
of the inner segment by "schleppersomes" (Papermaster et al., 1976) and 
from there by way of the cilium to the outer segment. The outer segment 
contains a stack of nearly flat, closed membrane sacs, uhich are not 
connected to the surrounding plasma membrane (Fig. 1.3). These so-
called discs are formed at the base of the outer segment by an 
invagination of the plasma membrane (Steinberg et al., 19B0). conse­
quently, the outer face of the plasma membrane is inverted and becomes 
the inner face of the disc. Since rod cells are not replaced, the 
renewal of rhodopsin and disc membrane lipids is achieved by shedding 
of discs at the apex of the outer segment, along with the formation of 
new discs at the base of the outer segment. The shedded discs are 
phagocytized and degraded by the overlying pigment epithelium. 
1.1.2. Rod outer segment composition 
Rod outer segments can very easily be separated from the rest of 
the retina by gentle homogenization, which disrupts the connecting 
cilium. They can then be isolated at high purity by means of sucrose 
density centrifugation (de Grip et al., 1980). Intact rod outer segments 
contain nearly 30% soluble and 70% membrane bound protein (Godchaux and 
Zimmerman, 1979). Water-washed and lyophilized rod outer segments 
consist for 51 wt Й of lipids (Θ1 wt % of which are phospholipids) and 
for 38 wt % of protein (over 90 wt % of which is rhodopsin), while 
nearly 10 wt % is water retained after lyophilization. Rhodopsin is 
thus the predominant protein (ca. 90 wt %) of the rod outer segment 
membranes. It is an insoluble glycoprotein with a molecular weight of 
37.000 dalton. 
Various other proteins have been detected in the outer segment. 
Gel electrophoresis shows the presence of a "large protein" with a 
molecular weight of about 238.000 dalton in cattle retina (Papermaster 
et al., 1976). It is a glycoprotein, which accounts for 1 - 4 % of all 
membrane bound protein. Another characteristic outer segment protein 
is retinol dehydrogenase. It is almost certainly an intrinsic membrane 
protein, but it has not yet been identified by gel electrophoresis 
(de Pont et al., 1970; Koen and Shaw, 1966). Kühn (1980) identified 
some other proteins, which are membrane bound when the outer segments 
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are isolated after illumination. They are 37.000, 35.000 and 6.000 
dalton proteins, which are associated with GTPase activity and a 
68.000 dalton protein associated with kinase activity. Godchaux and 
Zimmerman (1979) characterized the soluble protein pattern of the outer 
segment. Some of these proteins have been identified by Baehr et al. 
(1979) as the subumts (88.000, 84.000 and 13.000 dalton) of a molecule 
with cGHP-phosphodiesterase activity. Wacker et al. (1977) have 
reported a 50.500 dalton protein associated with the plasma membrane 
of photoreceptor cells, which is easily extracted from the retina with 
an isotonic buffer. This protein appears to be highly pathogenic and 
produces experimental allergic uveitis, an autoimmune disease. 
1.2. The visual pigment rhodopsin 
The rhodopsin molecule is a transmembrane protein (Hubbell and 
Bounds, 1979) embedded in the lipid bilayer of the rod discs (Fig. 1.4). 
This lipid bilayer consists mainly of phospholipids with a remarkably 
high content of unsaturated fatty acids (Borggreven et al., 1970; 
Anderson and Maude, 1970). The disc membrane has, therefore, a high 
fluidity, allowing the rhodopsin molecules to diffuse rapidly in the 
membrane and to rotate around an axis perpendicular to the plane of 
the membrane. Rhodopsin consists of an apoprotein called opsin and a 
covalently-bound chromophonc group ll-cis-retinaldehyde. a derivative 
of vitamin A. This chromophonc group gives rhodopsin its typical 
absorption spectrum with absorption bands at 500 nm and 340 nm. After 
illumination with light of wavelengths around 500 nm these bands 
disappear and are ultimately replaced by a new absorption band at 3B0 
nm, which represents all-trans-retinaldehyde. The retinaldehyde in 
dark-adapted rhodopsin is linked to the ε-aminogroup of a lysine 
residue of opsin by means of a Schiff base linkage (de Grip et al., 
1973). The chromophore is completely enclosed by the protein (Wald and 
Hubbard, 1960). Upon illumination of rhodopsin, several conformational 
changes take place in the molecule. The first one, which is the only 
one requiring light, is the isomenzation of 11-cia-retinaldehyde to 
all-trans-retinaldehyde. The terminal step consists of the release of 
free all-trans-retinaldehyde from opsin. Photon capture by rhodopsin 
leads to hyperpolanzation of the rod cell plasma membrane, which 
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Figure 1.4. A model for the organization of rhodopsin's polypeptide 
chain with respect to the disc membrane bilayer. Adapted from Dratz 
and Margrave (1983). 
results in excitation of the synaps with the bipolar cell. A crucial 
part in this hyperpolarization process is the reduction of the dark 
current of Na ions extruded from the inner segment and passively 
entering the outer segment. This is brought about by the closing of 
Na channels in the outer segment plasma membrane. Closing of the Na 
channels is produced by one ore more internal transmitters released 
from the disc membrane upon illumination of rhodopsin. The nature of 
the transmitter(s) is still in dispute (Hubbell and Bounds, 1979). 
The incorporation of the chromophoric group in the opsin molecule 
during biosynthesis of rhodopsin seems to take place at the base of 
the outer segment (Hall and Bok, 1974). However, after illumination 
of native rhodopsin the resulting opsin can be regenerated in situ to 
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functional rhodopsin by incorporation of ll-cis-retinaldehyde. 
The amino acid sequence of rhodopsin has very recently been cha­
racterized by Ouchinnikov (1982). The molecule contains 348 amino 
acid residues with two carbohydrate moieties at asparagine residues 
in positions 2 and 15 from the N-terminal end. These oligosacchari­
de chains are unusually small, consisting of 3 mannose and 3 N-acetyl-
glucosamine residues (Fukuda et al., 1979). As such they are unique 
among all mature glycoproteins described so far. The N-terminal end of 
rhodopsin is acetylated (Tsunasawa et al., 1980). Approximately half of 
the molecule is embedded in the lipid bilayer. The N-terminal part of 
the molecule resides in the intradiscal space, while the C-terminal 
part is located at the cytoplasmic side of the disc membrane. The 
chromophoric group is linked to the lysine residue at position 53 from 
the C-terminal end. The C-terminal end is phosphorylated. A high 
α-helical content (60-80ÎS), positioned nearly perpendicular to the 
bilayer plane is indicated by CD- and IR-spectroscopy on oriented 
samples (Chabre, 1981). Ovchinnikov (1982) and Dratz and Margrave 
(1982) suggest that rhodopsin crosses the membrane with 7 helical 
sequences embedded in the lipid bilayer (Fig. 1.4). 
Biochemical investigation of rhodopsin is often hampered by its 
water insolubility, hence many attempts have been made to solubilize 
the molecule. Thia can be achieved by treating the rod outer segment 
membranes with an aqueous detergent solution. It requires detergent 
concentrations, which completely disturb the bilayer arrangement and 
lead to micellar solutions of rhodopsin monomers. Various types of 
detergents can be used for this purpose. The well-known anionic 
detergent sodium dodecylsulfate completely denatures rhodopsin, as 
shown by a loss of 500 nm absorbance and the appearance of reactive 
sulfhydryl groups. Sodium cholate and deoxycholate are anionic 
detergents, in which rhodopsin is fairly stable. In the non-ionic 
detergents Triton X-100 and Emulphogene BC-720 the thermal stability 
of the holo-protein (rhodopsin) is retained but the apoprotein (opsin) 
is less stable as reflected by the loss of its capacity to regenerate 
to rhodopsin upon incubation with ll-cis-retinaldehyde. It has long 
been known that the integrity of rhodopsin is maintained very well in 
the naturally occuring detergent digitonin. This detergent, however, 
is very difficult to handle, due to its instability in solution. The 
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ß-alkylglucosides are recognized es very mild detergents (Baron and 
Thompson, 1975). Further investigation has led to the synthesis of 
ß-1-dodecylmaltoside (de Grip and Bovee-Geurts, 1979), in which the 
spectral characteristics of rhodopsin and regeneration capacity of 
opsin are very well retained. 
1.3. General aspects of immunology 
1.3.1. The immune system 
This thesis deals with several aspects of rhodopsin immunology. 
For a better understanding of the complexities of immunological 
theories and methods, some relevant principles are summarized in this 
section. More details can be found in the literature to which is 
referred in the text. For experiments reported in this thesis, immuno-
logy has been used as an analytical tool, i.e. use is made of the 
specific interaction of antibodies and antigens. 
The antibody-antigen interaction is the basis of the immunological 
defense mechanism of organisms. All organisms, even the simplest ones, 
have such defense mechanisms that endow them with the capacity to 
recognize substances as foreign to itself and to neutralize, eliminate 
or metabolize them with or without injury to their own tissues. 
The immunological defense system does not only perform a defense 
function against infectious agents, but also concerns itself with more 
diverse biological functions. E.g. it also copes with the organism's 
own damaged cells and with removal of cell mutants. The notion "foreign" 
should, therefore, be broadened to include all substances that are 
recognized as foreign by the immune system. Molecules of widely varying 
chemical composition, such ss proteins, polysaccharides, nucleic acids 
and lipids, may act as challenger of the system. The only requirement 
is that it recognizes the substance as foreign. 
When a host encounters a foreign substance it may react with an 
immune response. This may be a non-specific response consisting of 
mobilization of phagocytotic elements, either as an isolated event or 
as part of an inflammatory response. It can also react with a specific 
immune response which encompasses a series of cellular interactions 
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expressed by the production oF specific cells (cellular response) or 
of antibodies (humoral response). The foreign material may also induce 
a state of unresponsiveness (immunological tolerance), which equals the 
ability of the immunologic system to differentiate "self" from "non-
self". These responses can be cooperative. Three types of гезропзеч may 
progressively proceed in this шау. The progression depends on the 
nature of the substance and the genetic constitution of the host. The 
first encounter usually induces a non-specific response: phagocytosis 
and inflammation. Some substances (e.g. carbon particles) are comple­
tely inactivated and eliminated in this way and the immune response 
terminates. When the substance is not inactivated, the processed 
product leads to one of tuo specific responses: the humoral response 
with antibody Formation or cell mediated antigen elimination through 
Τ lymphocytes. An antigen surviving the^e progressive defense mecha­
nism will ultimately evoke tissue damage. Immune responses are thus 
not always beneficial: they can also cause harmful effects to the host, 
which are manifest in immunological diseases, i.e. hypersensitivity 
and allergy. 
Another important feature of the immune system is the attack by 
complement. The term "complement" refers to a complex group of at least 
sixteen enzymes, normally present in blood serum, which work together 
in sequence like a cascade in mediating immune and allergic reactions. 
Complement is a non-specific humoral factor, since it is activated by 
a wide variety of antibody-antigen complexes through binding to the 
Fc fragment of the antibodies (section 1.3.3). This is the classical 
pathway for complement activation. Alternatively, complement can be 
activated by certain cell wall polysaccharides and by aggregated 
immunoglobulins such as human IgG. In vivo the complement proteins 
exert their effects primarily on cell membranes, causing increased 
permeability or even lysis of cells. 
1.3.2. Immune responses 
Active immunization is usually performed in order to produce 
activated Τ lymphocytes or antibodies through the induction of a 
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Figure 1.5. Processing of bone marrow stem cells and 
proliferation after an immunogenic stimulus. 
Fig. 1.5. The specific immune response is mediated by white blood cells 
(lymphoid cells or lymphocytes). Two types of lymphocytes can be 
distinguished in the peripheral lymphoid tissue. These cells originate 
both from the bone marrow stem cells, but are differentiated in other 
tissues. Some lymphocytes the "T" lymphocytes, are differentiated in 
the thymus to a heterogeneous population of small lymphocytes. Upon 
challenge by a specific immunogen these Τ lymphocytes proliferate to 
activated Τ cells, which mediate in cellular immunity by producing 
soluble factors (lymphokines) which affect a variety of other cells. 
They can further replicate to blast cells, which mediate in the cellu­
lar immunity as effector cells. Other stem cells of the bone marrow are 
differentiated in intestinal lymphoid tissues. "B" is derived from the 
"Bursa of Fabricius", which in birds has been identified as the tissue 
responsible for the differentiation of lymphocytes to small В lympho-
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cytes. The small В lymphocytes circulate as immunocompetent cells in 
the peripheral lymphoid tissue (i.e. lymph nodes, spleen), in the lymph 
and in the blood. After stimulation by a specific immunogen the small 
В lymphocytes proliferate to plasma cells which secrete immunoglobulins 
(antibodies). The small В lymphocytes are a heterogeneous pool of cells. 
Each animal is capable of producing nearly 10 types of В lymphocytes, 
each secreting antibody of different specificity. An inuading immuno­
genic structure v/ill combine uith one of those small lymphocytes, 
bearing antibodies on its surface which are a good fit to the antigen. 
This cell will then be stimulated to multiply and differentiate to a 
clone of plasma cells, producing antibodies with the same specificity 
as present on the surface of the parent lymphocyte. Some of the sti­
mulated small lymphocytes multiply and differentiate to immature 
plasma cells and revert to small lymphocytes. Upon challenge with the 
same immunogenic structure a much larger pool of specific small 
lymphocytes is already present which can generate a much faster and 
more copious response. Thus after a first challenge the lymphocytes 
have generated a "memory", in the form of expansion of a specific clone 
of small lymphocytes. However, there is evidence that memory cells are 
qualitatively different from the virgin В lymphocytes (Klaus, 1977). 
1.3.3. Antibodies and antisera 
It is now a well known fact that vertebrates can respond to the 
entrance of foreign substances by the production of antibodies in the 
blood. Tiselius and Kabat (1939) already showed in 1939 that the 
antibody activity is associated with the globulin fraction of serum 
proteins. This fraction is today called the "immunoglobulin" fraction. 
Five major classes of immunoglobulins can be chemically distinguished: 
immunoglobulin G (IgG), IgH, IgA, IgD and IgE. The most abundant 
classes are IgG, IgH and IgA. IgG and IgM are the most important 
classes in the humoral immune response, while IgA is the principle 
immunoglobulin in exocrine secretions like milk and tears. More than 
80 % of the serum immunoglobulin fraction consists of IgG with a 
molecular weight of 150,000 dalton and a sedimentation coefficient of 
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Figure 1.6. Schematic presentation of an antibody (IgG) molecule and 
its proteolytic fragments. 
molecular weight of 900,000 dalton and a sedimentation coefficient of 
19 S. Fleischman et al. (1963) and Nisonoff et al. (1960) have eluci­
dated the structure of IgG by proteolytic digestion and reduction of 
disulfide bridges. Fleischman et al. (1963) proposed the now generally 
accepted fourpeptide model, a Y shaped molecule consisting of two 
identical heavy chains of 50,000 dalton and two identical light chains 
with a molecular weight of about 25,000 dalton (Fig. 1.6). The light 
chains are covalently bound to the heavy chains, while the latter are 
linked together by disulfide bridges. Proteolytic fragmentation reveals 
that each IgG molecule contains two antigen binding sites, the Fc 
fragments and a Fc fragment (c = crystalizable). A hinge in the middle 
of the heavy chain connects the two Fab fragments with the Fс fragment. 
Immunoglobulins are glycoproteins with oligosaccharides covalent­
ly linked to an asparagine residue of the Fс fragment of the heavy 
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chain, IgG contains only 3 % carbohydrate, IgM 12 % and IgA 7 %. 
IgM, the 19 S immunoglobulin has been shcnm to be a pentamer of 
the 7 S IgG molecule (Miller and Metzger, 1966). In addition, IgM 
contains a 20,000 dalton polypeptide, called J. IgA occurs in a 
variety of polymeric forms of the basic fourpeptide IgG molecule. 
The immunoglobulins occur in different classes (IgG, IgM etc.) with 
a wide range of electrophoretic mobilities within each class, reflec-
ting heterogeneity in amino acid composition. 
The amino acid sequence of immunoglobulins could be investiga-
ted succesfully after the discovery of neoplastic plasma cells in 
patients with multiple myeloma (Edelman et al., 1969). This disease 
is associated with a malignant proliferation of antibody producing 
cells. The tumor of each individual appears to consist of a single 
clone of cells producing identical imunoglobulins (myeloma proteins) 
in high concentration. These immunoglobulins have been particularly 
valuble for the investigation of antibody structure. Comparing the 
amino acid sequences of several myeloma proteins, Edelman (1970) 
found that the N-terminal ends of the heavay and light chains of 
IgG molecules show considerable variation in amino acid sequence 
(Fig. 1.6, jagged lines). The remaining part of the molecule was 
remarkably constant with regard to its amino acid sequence (Fig. 1.6, 
straight lines). Within the variable region certain amino acid 
positions exhibit a remarkably high variability. X-ray analysis 
supports the view that these "hot spots" lie relatively close to each 
other and form the antigen binding site (Poljak, 1973). 
The forces which bind the antigen to the antibody are essenti-
ally the same as for other non-specific protein-protein interactions, 
viz. coulombic, hydrophobic, hydrogen bonding and van der Waals forces. 
This explains why the binding of an antibody to an antigenic determi-
nant on the surface of an antigen is reversible, so that low affinity 
antibodies readily dissociate from the antigen. The overall combining 
power of an antiserum, containing various antibodies against various 
antigenic determinants on an antigen, is termed avidity and depends 
on many complex factors. 
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1.4. Membrane proteins аз antigens 
1.4.1. Antigenic determinants 
In the preceding sections antigens have only been described as 
Foreign substances inducing an immune respons. Now we shall treat the 
chemical properties of antigens in more detail. Since the experiments 
reported in this thesis are mainly dealing with the membrane protein 
rhodopsin, we shall emphasize protein antigens and especially those 
present in membranes. Although membrane bound protein antigens dis­
play most of the features of soluble protein antigens, they do offer 
some particularly intriguing aspects. 
Antigens exhibit two distinct reactivities during an immune 
response. The first is immunogenicity, i.e. the capacity of a sub­
stance to provoke an immune response, which is manifested by either 
a humoral or cellular response. The other characteristic, antigenic 
specificity, is defined as the ability of a substance to bind certain 
immunoglobulins. These two reactivities do not necessarily coincide. 
Immunogenic substances have mostly antigenic specificity, but the 
reverse is not always true, as illustrated by the behaviour of 
haptens. Haptens are low molecular weight substances, which do not 
induce the formation of antibodies, they are immunosilent. However, 
they can react with antibodies induced by the hapten bound to a 
carrier protein. In this respect a hapten is similar to an antigenic 
determinant, i.e. the portion of an antigen which binds at the combining 
site of an antibody. 
Depending on its molecular weight, a substance can have one or 
more antigenic determinants, each of which fit its specific antibody 
combining site. Louvard et al. (1976) have observed a linear double 
logarithmic relationship between the molecular weight of globular 
proteins and the number of antigenic determinants that can simulta­
neously interact with antibodies (Fig. 1.7). It is obvious that a 
molecule which carries more than one antigenic determinant can 
simultaneously bind more than one antibody. Depending on the number 
of antigenic determinants, an antigen is univalent or multivalent. 
Antigens with three or more antigenic determinants can form large 
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Fiqure 1.7. Linear relationship betii/een the logarithm of the 
molecular weight (MW) and the number (n) of antigenic determinants 
able to react simultaneously with the antibody for several globular 
proteins. 
RNase, pancreatic nbonuclease; OV, ovalbumine; BSA, bovine serum 
albumine; γΠ, human IgG immunoglobulin; PH, E. coll alkaline phos­
phatase; Cat, liver catalase; AP, porcine intestinal aminopeptidase. 
Adapted from Louvard et al. (1976). 
aggregates (lattices or networks) with the bivalent antibodies. 
Although the immunogenic character and antigenic specificity are 
correlated, we summarize below only some special features of the 
antigenic specificity of membrane proteins. Factors influencing the 
immunoqemcity are discussed in more detail in chapter 2. Antigenic 
determinants are located on the protein surface, and they are 
exposed to the medium, because the sites must be accessible to the 
antibodies. Especially, the "corners" of the protein molecules are 
part of the antigenic sites. This means that antibodies seem to 
react with special peptide conformations. A native tertiary structure, 
is however, not required, since antibodies can also react with 
denatured, unfolded proteins (Schwartz et al., 1980). In such cases 
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the primary structure (amino acid sequence) directs the antigenic 
specificity and the antigenic sites are called sequential antigenic 
determinants. When antigenic specificity depends on a unique con-
formational structure, this is called a conformational antigenic 
determinant. These determinants may be formed by amino acids, which 
are located at different points along the peptide chain, but which 
approximate each other in a particular conformation of the peptide. 
A special quaternary structure can also contribute to antigenic 
specificity (Reichlin et al., 1965). 
Various studies have been directed at identifying the factors 
which enhance antigenicity. Atassi (1975) found that the antigenic 
determinants of sperm whale myoglobin are always hydrophilic. Hopp 
and Woods (1981) have developed a method for locating protein 
antigenic determinants by analyzing amino acid sequences and finding 
the point of greatest local hydrophilicity. A study of synthetic 
antigens showed that charge does not seem to influence the amount 
of antibody elicited. An excessively high charge, however, seems to 
depress antigenic specificity. A molecule as small as m-amino 
benzene sulphonate can be antigenic, but the normal size of an 
antigenic determinant in a peptide is thought to comprise about six 
amino acid residues (Hopp and Woods, 1981). Carbohydrate moieties of 
glycoproteins may play an important role in determining the anti-
genic character of a protein (Pazur et al., 1978; idem, 19H1). 
Sometimes the antigenicity of a glycoprotein is more associated 
with the carbohydrate moiety than with the protein, even though the 
carbohydrate portion constitutes only 15?» of the total molecular 
weight (Pazur et al., 1981). 
It is obvious that the antigenic specificity of membrane 
proteins will be greatly influenced by their association with the 
lipid bilayer. Protein areas which are located within the membrane 
are not accessible to antibodies. Transmembrane proteins are often 
only accessible to the antibody from one side. Detergents can be 
used to overcome this problem, but they have some drawbacks. Non-
ionic detergents bind to hydrophobic surface areas like lipids do 
(Helenius and Simons, 1975) and may thus reduce the intended 
exposition. Ionic detergents are generally more aggressive and 
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may disrupt the antigenic structure. Disruption of the membrane 
structure by a detergent makes the protein more susceptible to 
proteolysis, which will also lead to destruction of antigenic deter-
minants. Sonication, used as an alternatiue to detergents, may achieve 
fragmentation of the membrane but not a real liberation of the proteins. 
1.4.2. Immunochemical analysis of insoluble proteins 
Once antibodies against membrane proteins have been obtained, 
problems may be encountered in the immunochemical analysis of 
membrane bound proteins and insoluble proteins in general, as well 
as in the characterization of the elicited antisera (Bjerrum, 1977). 
Such problems occur less in radioimmunoassays and immunocytochemical 
tests, which are based on detecting the primary interaction of 
antibodies and antigens. They do occur in immunoprecipitation 
reactions in test tubes and in gels, which are secondary to the 
primary reaction between antigen and antibody. Immunoprecipitation 
is based on the observation that addition of increasing amounts of 
soluble antigens to a constant amount of antiserum leads to an 
increasing amount of precipitate, reaching a maximum when lattices 
are formed by crosslinking of multivalent antigens by bivalent anti-
bodies, and then decreases in the presence of excess antigen. This 
technigue can obviously not be applied when the antigen is an 
insoluble protein, Prior solubilization of the protein antigen by a 
detergent may help, but detergents may disrupt or shield antigenic 
determinants. Gel diffusion and gel electrophoresis techniques must 
also be modified by the addition of detergents, since otherwise the 
insoluble antigen cannot migrate. Ordinary agglutination assays are 
also unsuitable, because membrane proteins show a tendency towards 
spontaneous aggregation. 
1.5. Previous immunological studies of rhodopsin 
Several investigators have raised antibodies against rhodopsin 
for use as an analytical tool. Others have investigated the occurance 
of rhodopsin as an antigenic component in immunological eye diseases. 
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The most important of these studies are summarized below. 
Dewey et al. (1969) were te first to raise antisera against 
rhodopsin. They injected purified, lipid-free frog rhodopsin, solubi-
lized in 2% digitonin, in rabbits. The resulting antisera obtained 
with either dark-adapted or illuminated rhodopsin were both specific 
for rhodopsin and opsin. Each reacted with both dark-adapted and 
illuminated rhodopsin, which had first been subjected to digitonin 
solubilization and electrophoresis on a cellulose acetate gel. When 
dark-adapted rhodopsin was carried through this procedure, its 
absorbance spectrum was found to remain intact. (Rhod)opsin could be 
localized in frog retina sections by the immunofluorescence of 
fluorescein-labeled sheep anti-rabbit-y-globulin bound to antirhodop-
sin. With this technigue (rhod)opsin was localized in rod outer 
segments, in the myeloid and ellipsoid areas of the rod inner segments 
and in the cytosol of the pigment epithelium. The antiserum stained 
both the red and green rods as well as the cones, which constitute 
33S of the frog photoreceptor cells. 
Jan and Revel (1974) repeated these localization experiments on 
cattle and mouse retina, using anti-bovine rhodopsin serum. The 
antiserum was raised with dark-adapted rod outer segments solubilized 
in 2% digitonin. It was purified by immunoabsorption to hydroxyapatite-
purified rhodopsin, cross-linked to hen egg white lysozyme by 
glutaraldehyde. Immunoelectrophoresis experiments according to Grabar 
(1964) showed no cross reactions with rod outer segment l^pid extracts, 
but "a few components" of an Emulphogene BC-720 solution of bovine rod 
outer segments were precipitated. The serum reacted with both dark-
adapted and illuminated rhodopsin preparations, solubilized in 2% 
digitonin or in 2% sodium chelate pH 8. The cross-reactivity of 
antisera against bovine rhodopsin, solubilized in detergents other than 
Emulphogene BC-720, varied from rabbit to rabbit. The antibodies were 
digested to give univalent Fab fragments, which were then crosslinked 
to horse radish peroxidase. Electronmicroscopical examination of retina 
sections, incubated with this conjugate, showed the presence of 
(rhod)opsin in the disc membrane, the rod outer segment plasma membrane, 
the connecting cilium and the upper part of the rod inner segment. 
Staining was observed on both sides of the plasma and disc membranes. 
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Papemaster et al. (197Θ) identified the cell structures involved 
in the synthesis of opsin by means of immunocytochemistry at electron-
microscopic level. They used indirect detection methods: the localiza­
tion of rabbit antibodies to frog opsin (Papermaster et al., 1975) 
with ferritin conjugated F(ab')? and visualization of biotin-coupled 
sheep antibodies to cattle opsin by means of avidin-ferritin 
conjugates. Opsin was localized in the outer segments and in the 
Golgi system of the inner segments of frog retinal tissues. Blaustein 
and Dewey (1979) observed labeling on both sides of the membrane of 
isolated, osmotically intact frog rod outer segment discs, when these 
were labeled with univalent Fab anti-rhodopsin antibodies conjugated 
to horse radish peroxidase. 
Iri an investigation of the pathogenesis of retinal degenerations, 
Rahi (1970) raised an antiserum with a whole bovine retina homogenate 
in saline. This serum demonstrated a single precipitation line on 
double diffusion against a rod outer segment suspension in agar gel. 
Tilgner et al. (1977) investigated experimental allergic chorioreti­
nitis by studying the appearance and behaviour of complement-fixing 
antibodies against rod outer segments in the sera of rabbits after 
injection of homologous, autologous and heterologous components of 
bovine retina. Only very low antibody titers were obtained and the 
antibodies appeared to have a protective rather than a pathogenic 
function. 
Brinkman (1980) studied the immunogenicity of bovine rhodopsin in 
the rabbit. By means of a skin test he observed a predominant stimu­
lation of the Τ lymphocyte system. The humoral response was relatively 
low. Lymphocyte stimulation assays and skin tests pointed to the 
presence of rhodopsin determinants in the cornea and the sclera. 
Papermaster et al. (1975) studied the biosynthesis and transport 
of opsin in photoreceptor cells by radioactive amino acid incorporation 
in the living frog eye. Labeled opsin was identified by crossed 
immunoelectrophoresis. Antiserum was raised with opsin excised from 
SDS-polyacrylamide gels, after electrophoresis of frog opsin dissolved 
in 2.55! SDS and 2.5л 2-mercapto-ethanol and denaturation for 30 min at 
50 C. Another antiserum was prepared with illuminated, purified frog 
rod outer segments, suspended in saline phosphate buffer. The presence 
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of antibodies was detected by Ouchterlony double diffusion of the 
antisera against rod outer segments, solubilized in 0.13! SDS or 1% 
Emulphogene BC-720. The biosynthesis products were identified with a 
crossed immunoelectrophoresis technique, which was later improved 
(Converse and Papermaster, 1975). Godchaux (1978) also studied the 
opsin biosynthesis and used antiserum for identification of opsin 
or its precursors. He raised the antiserum by immunizing rabbits with 
illuminated disc proteins, solubilized in 0.2% sodium dodecylsulfate. 
No characterization of the antiserum was shown. The biosynthesis 
products were identified by direct immunoprecipitation in the 
presence of unlabeled disc proteins. 
1.6. Aim of this study 
Specific antibodies raised in animals against a protein can be 
used for the elucidation of its structure, its localization, its 
biosynthesis mechanism, for its quantitation and isolation and for 
the investigation of its physiological function. 
So far, several authors have raised antibodies against the visual 
pigment rhodopsin, mainly for localization of the pigment and for 
investigation of its biosynthesis. The exact state of the injected 
antigen was generally not very well defined and the antibodies 
obtained were only partly characterized. 
Our aim has been to raise antisera by using rhodopsin in various 
conformational states as immunogen, in order to obtain antisera 
specific for different conformational states of rhodopsin. 
After characterization of the specificity of the antisera, 
attention has been payed to the influence of detergents on the 
antibody-antigen interaction, since the use of detergents is unavoi-
dable in the investigation of rhodopsin. When the specificity of the 
various antisera has been elucidated, they can be applied as an 
analytical tool for a highly sensitive determination of opsin and 
rhodopsin in crude retina preparations. Further they can be used to 
obtain new views on rhodopsin biosynthesis, to investigate rhodopsin 
structure, to study its localization in the membrane and to elucidate 




PREPARATION OF ANTISERA AGAINST VARIOUS RHODOPSIN PREPARATIONS 
2.1. Introduction 
Our purpose шаз to produce шеіі-characterized antibodies against 
the visual pigment rhodopsin. This raised the question which confor­
mation of rhodopsin, dark-adapted (native), illuminated or denatured, 
would be the most potent in eliciting a humoral immune response. 
Another question was whether a particular conformation of rhodopsin 
elicits antibodies specific for that conformation only. E.g. does an 
antiserum against dark-adapted rhodopsin react with illuminated 
rhodopsin and vice versa? 
Earlier studies using different immunological techniques (see 
chapter 1) had shown that it is possible to raise antibodies against 
rhodopsin. However, it is difficult to compare the specificity or even 
the antibody titers of the antisera obtained by different investigators. 
The rabbits were immunized with the particular rhodopsin preparation, 
which the investigator routinely used in his laboratory. No systematic 
investigation of the immunogenicity of different rhodopsin preparations 
and the antigenic specificity of the resulting antisera has been 
carried out so far. 
Every immunization program is in fact a "trial and error" proce­
dure. Little can be predicted about the ultimate result and little is 
known about the metabolic fate of the injected immunogens. With 
membrane proteins the question remains whether lipids mask antigenic 
sites or increase the immunogenicity by adjuvant action (Wan Rooyen and 
Van Nieuwmegen, 1978). 
In our study we have observed the humoral response after immuni­
zation of rabbits with four different preparations of bovine rhodopsin: 
membrane-bound and lipid-free rhodopsin, either in the dark-adapted or 
bleached state. The antibody titers have been followed with the macro 
complement fixation assay of Rose et al. (1973). Complement is a 
mixture of at least seventeen serum proteins with the capacity to bind 
to antibodies when these are complexed with antigens (see chapter 
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1.3.1). In the assay a constant amount of antigen 'opsin) and comple­
ment is added to a series of antiserum dilutions. The presence of 
antibodies is detected by binding of the complement, which in turn 
can be detected by means of the second property of complement: the 
capacity to lyse complement-sensitive erythrocytes. Thus the presence 
of antibodies is (indirectly) observed by the absence of lysis of the 
erythrocytes. The antibody titer is defined as the reciprocal value 
of the highest antiserum dilution for u/hich less than 50% erythrocyte 
lysis is observed. 
2.2. Materials and methods 
2.2.1. Materials 
Morpholinopropane sulfonic acid (MOPS) and Emulphogene BC-720 uere 
obtained from Sigma (St. Louis, USA); Тшееп 80 from Boom (Meppel, The 
Netherlands); concanavalin A from Pharmacia (Uppsala, Su/eden); decyl-
dimethyl aminoxide from Lonza Inc. (Fair Lawn, Neu/ Jersey, USA); 
Guinea pig complement and rabbit hemolysin шеге purchased from Flou; 
Laboratories and bovine serum albumin from Merck (Darmstadt, FRG). 
2.2.2. Preparation of immunogens 
Rod outer segments were prepared from cattle retina in dim red 
light by means of sucrose density centrifugation (De Grip et al., 1980). 
After isolation from the gradient, the rod outer segment layer шаз 
diluted with 0.5 vol. MOPS buffer (20 mM MOPS, 140 mM NaCl, 5 mM KCl, 
3 mM MgCl-, 2 mM CaCl., 1 mM dithioerythntol, pH 7.2) and sedimented 
by centrifugation (2,000g, 10 mm, 4 С). The sediment шаз thrice u/ashed 
with water by centrifugation (7B,0O0g, 30 mm, 4 С), resuspended in 
MOPS buffer to a final concentration of 2 mg/ml rhodopsin and stored at 
- ВО C. The rhodopsin concentration was calculated from the difference 
in absorbance at 500 nm before and after illumination for 10 m m by a 
300 W tungsten lamp through a heat filter and a Jena 425 nm cut-off 
filter, in the presence of NH.0H using a molar absorbance coefficient 
of 40,5000 (De Grip et al., 1980). The A278/A500 ratio of the rod outer 
segment membrane preparation u/as 2.0. 
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Lipid-free rhodopsin шаз prepared in dim red light from isolated 
rod outer segment membranes by concanavalin A affinity chromatography 
in decyldimethyl aminoxide. After elution of the column ii/ith a-methyl-
mannose, the decyldimethyl aminoxide and a-methylmannose were removed 
by dialysis against Q.15 M NaCl, IS Тшееп 80. After purification the 
Α27Θ/Α500 ratio шаз 1.6 - 1.7 (De Grip et al., 1980). 
Thermal denaturation «/as accomplished by heating a rod outer 
segment membrane suspension (0.5 mg/ml rhodopsin) in 0.15 M NaCl for 
30 min at 70 С in darkness. 
2.2.3. Immunization procedure 
New Zealand albino rabbits (1,500 - 2,000 gram body weight) were 
used for immunization. The first injection of 1 ml immunogen, emulsi­
fied in 1 ml Freund's complete adjuvant, was given intracutaneously at 
multiple sites on the back. The booster injections, with or without 
Freund's incomplete adjuvant, were given intramuscularly. Before each 
booster injection, 3 ml blood was collected for titer determination. 
Finally the rabbits were exsanguinated by cardiac puncture, some of 
them before completion of the entire immunization schedule. After 
clotting of the blood, the serum was isolated and stored at - 20 C. The 
sera were used without further purification. The rabbits were housed 
under normal diurnal light-dark conditions. 
Four different immunization procedures were carried out with 
various immunogens: 
a. Dark-adapted rod outer segment membranes were solubilized in 2% 
Tween 80 and 2% decyldimethyl aminoxide im MOPS buffer. After 
removal of the decyldimethyl aminoxide by dialysis against 0.15 M 
NaCl, the preparation was used as immunogen. One rabbit received 
a dose containing 1 mg rhodopsin per injection and two others 
received one tenth of this dose. All injections were given 
under dim red light. Booster injections of the same immunogen 
were administered on the days shown in the Figs. 2.1., 2.2., 2.3. 
and 2.3. 
b. For three rabbits the immunization procedure was the same as 
described for procedure a., but on day 74 after the first injec­
tion the immunization was continued with dark-adapted, lipid-free 
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rhodopsin, ^olubilized in 0.15 M NaCl, 1% Тшееп 80. Тшо rabbits 
received a dose of 1 mg rhodopsin per injection and another 
animal one tenth oF this dose. The immunoqens шеге injected in 
the dark. 
c. Five rabbits uere immunized with lipid-free, illuminated opsin. 
The immunogen for the first injection was solubalized in ΙΌ 
Тшееп Θ0, u/hile a lipid-free opsin suspension was used for 
booster injections. Two rabbits received a dose of 2 mg opsin 
per injection, while three others received one tenth of this 
dose. 
d. Two rabbits were immunized with illuminated rod outer segment 
membranes, solubilized in 0.15 M NaCl, 0.1Й sodium dodecylsul-
fate. From day 59 after the first injection a rod outer segment 
membrane suspension, incubated for 30 m m at 70 C, was used as 
immunogen. The immunogen dose was 0.5 mg opsin per injection 
for both rabbits during the entire immunization period. 
2.2.ή. Micro complement fixation assay 
The antibody titers were determined by means of the macro comple­
ment fixation assay method of Rose et al. (1973) with minor modifica­
tions. An isotonic Veronal buffer (5 mH sodium barbital, 140 mM NaCl, 
0.15 mM CaCl-, 0.1% bovine serum albumin, pH 7.4) was used instead of 
a Tris buffer. The antisera were incubated for 30 m m at 56 С in order 
to destroy endogenous complement. Rod outer segment membranes were 
solubilized in an agueous 1°ί Emulphogene BC-720 solution of pH 2 to a 
concentration of 1.28 mg/ml opsin. The solution was diluted with 
Veronal buffer to final concentrations of 1.6 yg/ml opsin and 0.01Й 
Emulphogene BC-720. The complement (Flow Lab) uas solubilized in 
"Diluent Stabilizer" and subsequently diluted 15 times with the Veronal 
buffer. А 4Й sheep erythrocyte subpension was sensitized for complement 
by incubation for 5 min at 37 С with an equal volume of 1200-fold 
diluted (Veronal buffer) rabbit anti-sheep hemolysin. 
In the assay 100 yl dilutions of the antiserum in steps of two 
were made by diluting with Veronal buffer. The rod outer segment mem­
brane solution (100 yq/ml opsin) was added to every antiserum dilution, 
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followed by 100 μΐ diluted complement. After etorage overnight at 4 С 
and incubations for 1 hr at 37 C, 200 μΐ of the sheep erythrocyte sus­
pension was added. Follou/inq 30 min incubation at 37 С the reaction was 
stopped by chilling in ice an^ the residual erythrocytes were pelleted 
by centrifugation (5 min 500g). The supernatant was diluted 40-fold with 
water and the absorbance of the released hemoglobin was measured at 
410 nm against water. The absorbance for a series of control tubes, 
containing 100 μΐ non-immune serum instead of the antiserum, was defined 
as lOOio lysis. The reciprocal value of the highest antiserum dilution, 
for which less than 50Я lysis was observed, was defined as the antibody 
titer. Appropriate controls were included in each assay in order to 
check the anti- and pro complementarity of each of the components. All 
assays were performed at least in duplicate. 
2.3. Results 
The humoral immune response after injection of the various immuno-
gens was followed with the macro complement fixation assay. Acid 
denatured rod outer segment membranes solubilized in Fmulphogene BC-720 
were used as antigen. The optimal concentration of the antigen was 
determined with a checkerboard titration to be 1.6 pg/ml. The course of 
the antibody titers during the immunization period is presented for the 
different immunogens in Figs. 2.1 to 2.4. 
The titer course after immunization of the rabbits with dark-
adapted rod outer segment membranes, solubilized in 2% Tween 80 is 
shown in Fig. 2.1. The curves for the three rabbits are dissimilar. 
However, when the curves of Fig. 2.2 obtained with the same immunogen 
and immunization procedure until the 74th day are included, the picture 
becomes more consistent. About 30 days after the first injection the 
curves reach a constant maximal level of the antibody titer, which is 
then maintained for several weeks. No correlation between the height 
of the titer and the dose of the immunogen is observed. 
When the immunization was continued after 74 days with booster 
injections of lipid-free rhodopsin (Fig. 2.2), the antibody titer of 
the three rabbits decreased by a factor two. Immunization of rabbits 
with illuminated, lipid-free opsin resulted in a different immune 
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Figure 2.1. Antibody titers of antisera raised by immunization with 
dark-adapted rod outer segment membranes solubilized in 2?ί Тшееп 80. 
Rabbit A received a dose of 1 mq/ml rhodopsin and rabbits В and С 
0.1 mg/ml. Injections are indicated by arrows. The serum of the final 
bleeding, shown in Fig. 2.1.В (day 1ВІ) is called anti D-ROS serum and 
is used for the studies in chapters 3, 4 and 6. 
С and I: emulsification of the immunogens in complete (C) and 
incomplete (I) Freund's adjuvant. 
•+• : total bleeding of the rabbit. 
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Figure 2.2. Antibody titers of antisera raised by immunization with 
dark-adapted rod outer segment membranes solubilized in 2й Тшееп 80 
(first five injections) and continued with dark-adapted, lipid-free 
rhodopsin solubilized in 1% Tween BO. Rabbit A and В received a dose 
of 1 mg/ml and rabbit С 0.1 mg/ml rhodopsin. The serum of the final 
bleeding, shown in Fig. 2.2.A (day 151), is called anti D-rhod (see 
chapter 5). 
Symbols as in Fig. 2.1. 
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Figure 2.3. Antibody titers of antisera raised by immunization with 
illuminated, lipid-free rhodopsin. The first injection consisted of 
rhodopsin solubilized in l'í Тшееп BO, the booster injections of 
rhodopsin suspension. Rabbits A and В received a dose of 2 mg/ml 
rhodopsin, while C, D and E received 0.2 mg/ml. The serum of the 
bleeding on day 53 (Fig. 2.3.B) is called anti L-opsin (see chapter 5). 
Symbols as in Fig. 2.1. 
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Figure 2.4. Antibody titers of antisera raised by immunization with 
illuminated rod outer segment membranes, solubilized in 0.1% sodium 
dodecylsulfate. For the last booster injections a thermally denatured 
rod outer segment membrane preparation was used as immunogen. The 
serum of the testbleeding on day 49 (Fig. 2.4.B) is called anti SDS-
ROS (see chapter 5). 
Symbols as in Fig. 2.1. 
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there is no correlation between the injected dose and the height of the 
antibody titer. It is striking, hou/ev/er, that during this immunization 
the titer could not be maintained at a constant level in spite of 
booster injections. Tura to three weeks after reaching maximal titer 
values the titers rapidly decreased until they uere hardly measurable. 
Two rabbits were immunized with rod outer segment membranes 
solubilized in 0.1Й sodium dodecylsulfate, i.e. with opsin in denatured 
conformation. But in spite of several booster injections no antibody 
response was observed. This lack of response may by due to the presence 
of the high sodium dodecylsulfate concentration, which may either 
affect the formation of the optimal watcr-in-oil emulsion after mixing 
of the immunogen with Freund's complete adjuvant, or the immunogenicity 
of the immunogen per se. Therefore, immunization was continued with 
heat-denatured rod outer segment membranes in the absence of detergent. 
However, this did not result in a measurable antibody response either. 
Therefore we used a modification of the macro complement fixation assay 
by which an improved sensitivity could be obtained. The increased 
sensitivity was achieved by lowering the amount of complement by a 
factor of nearly two and the antigen concentration from 1.6 vig/ml to 
0.4 yg/ml. Under these conditions there was just enough complement to 
lyse 90% of the sheep erythrocytes. Thus even the minutest fixation of 
complement resulted in a decrease of the percentage of lysis, indica­
ting the presence of antibodies. With this modification of the macro 
complement fixation assay the antibody titer course of Fig. 2.4 was 
obtained. Only one of the two rabbits was able to maintain the titer at 
a constant level (Fig.2.4). IJhen antisera with a high titei ucre assayed 
with this modified complement assay about six fold higher titer values s 
were found. 
Four antisera were selected for further immunochemical studies. 
The antiserum of the final bleeding shown in Fig. 2.1.В (day 84) is 
called anti D-R05 and used for the studies in the chapters 3, 4 and 6. 
The antiserum of the final bleeding shown in Fig. 2.2.A (day 151) is 
called anti D-rhod, while the antiserum of the bleeding on day 53, shown 
in Fig. 2.3.В is called anti L-opsin and the antiserum of the test-
bleeding on day 49 (Fig. 2.4.B) is called anti SDS-R05. The characteris­
tics of the last three antisera are dealt with in chapter 5. 
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2.4. Discussion 
Our results show that immunization of rabbits with all four types 
of bovine rhodopsin, dark-adapted or illuminated, lipid-Ггее or mem­
brane-bound, resulted in a humoral immune response. We aimed at 
obtaining antisera with hiqh antibody titers. Therefore some rabbits 
were totally bled before the planned immunization procedure was comple­
ted, namely when a high titer tended to decrease. It is, however, 
useful to analyse some trends in the course of the antibody titers. 
The three immunizations with native dark-adapted and illuminated 
rhodopsin resulted in fairly high antibody titers. After immunization 
with denatured opsin, however, low titer antisera were obtained. The 
latter antisera have to be purified and concentrated before they can 
be succesfully used in immunological techniques. Anti D-rhod serum 
was raised in rabbits which were previously immunized with dark-
adapted rod outer segment membranes. We have also tried to immunize 
rabbits by intravenous inoculation with a dark-adapted, lipid-free 
rhodopsin suspension alone. However, their sera could not be used, 
since no antibody response was observed. 
No correlation between dose of antigen and height of the antibody 
titer can be found. It appears that a dose of 0.1 - 0.5 mq rhodopsin 
per injection should be sufficient in all cases to obtain high titer 
antisera. 
The titers in this study were all determined with one and the 
same antigen, i.e. acid-denatured rod outer segment membranes, solubi-
lized in Emulphogene BC-720. As expected, different immune responses 
were obtained with the various immunoqens. Surprisingly, however, the 
antiserum obtained after immunization with native rod outer segment 
membranes had the highest antibody titer, while the antiserum obtained 
with a denatured preparation had the lowest titer when checked against 
acid-denatured rod outer segment membranes. In the next chapters this 
unexpected observation is further studied by checking the specificity 
of the antisera against various rhodopsin preparations. In chapter 3 
and 4 the specificity of the antiserum raised with dark-adapted rod 
outer segment membranes is extensively studied with several techniques. 
In chapter 5 the specificity of the other sera are compared. 
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2.5. Summary 
Antibodies шегс raised in rabbits against bowine rhodopsin. 
Different preparations in various doses were used as immunogen. The 
antibody titers were follov/ed uith a macro complement fixation assay, 
in which acid-denatured rod outer segment membranes solubilized in 
Emulphogene BC-720 were used as antigen. 
High antibody titers were obtained when dark-adapted, biochemically 
intact rod outer segment membranes were used as immunogen. Continuation 
of the immunization with dark-adapted, lipid-free rhodopsin resulted in 
a decrease of the antibody titers. Immunization of rabbits with lipid-
free, illuminated rhodopsin resulted in high titer antisera, but after 
two weeks the titer decreased rapidly. Low titer antisera were obtained 
when rabbits were immunized with denatured rod outer segment membranes. 
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CHAPTER 3 
IMMUNOniFFUSinN STUDIES OF THF ANTISERUM AGAINST DARK-ADAPTFD 
ROD OUTFR SEGMENT MEMBRANES 
3.1. Introduction 
As described in section 1.5, several authors have raised antiscra 
against rhodopsin. Their aim was mainly a practical one, viz. to obtain 
antibodies which could label or isolate rhodopsin by specific immune 
complex formation. It was not important for them u/hethpr thp antiseium 
had specificity for one particular rhodopsin conformation, e.g. dark-
adapted rhodopsin or illuminated rhodopsin iopsin), provided that at 
least opsin was recognized as all experiments were carried out in the 
light. When the antibodies did indeed react with opsin, further 
characterization was often omitted. 
We wonder whether the antibodies, raised with one of the various 
rhodopsin preparations (i.e. dark-adapted, illuminated, denatured, 
lipid-free or membrane-bound rhodopsin) as immunogen, are specific for 
only that one rhodopsin conformation. It would, therefore, be interes-
ting, if we could raise an antiserum which has specificity for 
illuminated rhodopsin and does not recognize the dark-adapted confor-
mation. We have indeed succeeded in this. In this chapter we characterize 
the specificity of an antiserum raised with dark-adapted rod outer 
segment membranes (i.e. anti D-ROS), which shall be shown to have 
specificity for the illuminated rhodopsin and not for dark-adapted 
rhodopsin under special conditions. 
3.2. Materials and methods 
3.2.1. Materials 
Morpholinopropane sulfonic acid (MOPS) and Emulphoqene BC-720 were 
obtained from Sigma (St. Louis, USA); Tween 80 from (loom (Meppel, The 
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Netherlands); concanavalin A from Pharmacia (Uppsala, Su/eden); 
decyldimethyl aminoxide from Lonza Inc. (Fair Lawn, New Jersey, USA); 
High Resolution Buffer from Gelman (Ann Arbor, Michigan, USA); Triton 
X-100 and agarose from BDH Chemicals LTD. (Poole, England); fluorescein 
isothiocyanate conjugated goat anti-rabbit gamma-globulin from Nordic 
(Tilburg, The Netherlands). Nonylglucose and dodecylmaltose шеге synthe-
tized in our laboratory (De Grip and Bovee-Geurts, 1979). 
3.2.2. Preparation of antigens 
Rod outer segment membranes and lipid-free rhodopsin u/ere prepared 
from cattle retina in dim red light by means of sucrose density 
centrifugation (De Grip et al., 1980). After isolation from the gradient, 
the rod outer segment layer was diluted with 0.5 vol. water and 
sedimented (2,000g, 10 m m , 4 С). The sediment was thrice washed with 
water by centrifugation (78,000g, 30 m m , 4 С), resuspended in water to 
a final concentration of 2.8 mg/ml rhodopsin (rod outer segment 
membranes) and stored at -B0OC. The A278/A500 ratio was 2.0. 
Lipid-free rhodopsin was prepared in dim red light from isolated rod 
outer segmenta by concanawalin A affinity chromatography in nonylglucose. 
After elution from the column with α-methylmannose, detergent and 
a-methylmannose were removed by dialysis against 0.15 M NaCl. The 
resulting rhodopsin preparation had a A278/A500 ratio of 1.6 and the 
concentration of lipid-free rhodopsin was 0.95 mg/ml. The rhodopsin 
concentration was calculated as described in section 2.2.2. 
Thermal denaturation was accomplished by heating a rod outer segment 
membrane suspension in water for 30 m m at 70 С in darkness. The prepa­
ration was then diluted with Tris buffer (50 mM Tris, 100 mM NaCl, HCl 
added to pH 7.4) and detergent to final concentrations of 0.5 mg/ml 
rhodopsin and 1% detergent. Thermal denaturation of rod outer segment 
preparations after addition of detergent occasionally resulted in 
impaired diffusion in the agarose gels, presumably as a result of 
aggregation. However, lipid-free rhodopsin was solubilized in detergent 
prior to thermal denaturation. 
Acid denaturation was effected by mixing the rhodopsin preparations 
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with an aqueous detergent solution of pH 2 at 20 С After 15 m m the 
Tris buffer was added to obtain a preparation containing 0.5 mg/ml 
rhodopsm, 14 detergent and a final pH of 6. 
3.2.3. Immunization 
Dark-adapted rod outer segment membranes, solubilized in 2% 
Тшееп 80, щеге used for immunization according to the procedure 
described in section 2.2.3. The antibody titers of the sera шеге 
determined with the macro complement fixation method (Rose et al.,1973), 
as described in section 2.2.4. 
3.2.4. Immunofluorescence 
Frozen bovine retina-choroid-sclera sections (6μ) were dried for 
30 m m at room temperature in daylight and washed with phosphate 
buffered saline (PBS). The sections were incubated for 30 m m at room 
temperature in the rabbit antiserum against rod outer segment membranes 
(1:10 diluted) or in normal rabbit serum (1:10 diluted). After washing 
in PBS the sections were incubated for 30 m m at room temperature in 
fluorescein isothiocyanate-conjugated goat anti rabbit-gamma globulin. 
After a wash in PBS the samples were enclosed in PBS-glycenn 1:1 and 
examined with a fluorescence microscope. 
3.2.5. Crossed Immunoelectrophoresis 
The method of Converse and Papermaster (1975) was used with the 
following modification. In the first dimension a rod outer segment 
preparation was separated on a cylindrical SDS-polyacrylamide gel, 
containing an В - 2BK linear concentration gradient in a modified 
Laemmli (1970) system. The gel was loaded with ca. 40 vig opsin and after 
electrophoresis it was cut lengthwise in four parts. One part was stained 
with Coomassie Brilliant Blue and another part was used for electrophore­
sis in the second dimension. The agarose solutions for the second 
dimension electrophoresis were prepared in High Resolution Buffer 
(pH Θ.Β, ionic strength 0.07). The SDS-PAGE strip was embedded in a Ila 
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sodium deoxycholate containing agarose gel according to Chua and 
Blomberg (1979). The intermediate gel contained 1.5% Emulphogene BC-720 
instead of Lubrol PX. The antibody gel, containing 5% (v/v) antiserum, 
0.25"» Emulphogene BC-720 and 4°o polyethylene glycol 6000, was prepared 
by шагтіпд the solutions to 50 С and casting the gel on a 57x70 mm 
glass slide. The relative dimensions of the various composite gels were 
the same as used by Chua and Blomberg. 
Electrophoresis was performed overnight in a Desaga Mediphor 
apparatus with High Resolution Buffer at a constant voltage of 160 V 
(16 mA) across the gel. After electrophoresis the gel was washed 
overnight with 0.15 H NaCl and 2 x 1 hour with water. The dry gel was 
stained for 3 m m with 0.5°i. Coomassie Brilliant Blue in 43«. ethanol, IO" 
acetic acid. Excess stain was removed by washing with 30Й ethanol, 120o 
acetic acid until the background was clear. 
In other experiments the separation in the first dimension was 
performed in 15» agarose, 0.25% Emulphogene BC-720 in High Resolution 
Buffer (pH 8.8, ionic strength 0.02) at a constant voltage of 70 V 
(4 mA) across the gel for 4 hours. The second dimension gel was the same 
as above, except that 80o (v/v) antiserum was used and electrophoresis was 
continued for 18 hours at a constant voltage of 20 V (1 mA) across the 
gel (57 mm). Sodium deoxycholate, polyethylene glycol and the intermedi­
ate gel were omitted in this case. The latter type of experiment was 
performed both in darkness and in daylight. 
3.2.6. Ouchterlony double diffusion 
Double diffusion assays were performed in 1% agarose gels in Tris 
buffer (50 mM Tris, 100 mM NaCl, HCl added to pH 7.4) at room tempera­
ture for 24 hours mainly according to Ouchterlony and Nillson (1978). 
However, the gels contained the same detergent (in the same concentration) 
used for the solubilization of the antigen, since the use of a different 
detergent occasionally caused multiple precipitation lines. Hells of 3 mm 
diameter, 5 mm apart, were used. After diffusion, the precipitation 
patterns were photographed against a dark background with indirect 
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3.3.1. '"Immunization 
All rabbits injected with rod outer segment membranes responded 
with the production oF antibodies. Howeuer, strikinq individual 
differences Were found in antibody titers, which-шеге not correlated 
with the-dose-of injectert antigen« "In яепегЖЦ .the antibody titer 
reached a steady^Teuel'-'five to six weeks after the first injection and 
was then maintained during the entire tmjiyniéa'tion schedule. All anti-
sera behaved*in similar fashion. The' antiserum with the highest titer 
was used· without further purification for the experiments presented in 
this chapter. 
3.3.2. Specificity of, the antiserum 
The specificity of the antiserum wps tested by imtiunofluorescence 
labeling of frozen retina (fig. 3.1). The outer segment layer showed 
strong fluorescence over.its entire surface.' Weak fluorescence was seen 
in other parts of the retina and in bovine liver and kidney. This latter 
can be considered to be ^specific, since it was also found with pre-
immune serum. 
Crossed imnianoelectrophoresis experiments "gave no evidence of cross 
reactions with other rod outer segment proteins. In Fig. 3.2 the crossed 
Immunoelectrophoresis pattern of rod outer segment proteins is presented. 
The stained reference SDS-PAGE strip shows the proteins present in rod 
outer segments. In addition to a dense monomenc opsin band, dimers and 
trimers of opsin were present as well as the "large protein" (МЫ 23B kDa, 
Papermaster et al., 1976). Only the mono- and oligomeric forms of opsin 
reacted with the antiserum. Staining of the first dimension polyacryl 
amide gel strip, after electrophoresis in the second dimension, showed 
that no protein was retained in this gel. Furthermorp, Fig. 3.3 shows 
that no cross reactions with any other proteins of the retina were 
observed when a 700g, 3 m m supernatant of a whole retina homoqenate was 
subjected to crossed immunoelcctrophoresis under the same conditions. 






Figure 3.1. Immunofluorescence in a retina-choroid section 
exposed to rabbit antiserum raised against rod outer seg­
ment membranes. 
Magn. 60Dx. CH: choroid, B; Bruch's membrane, PE: pigment 
epithelium, RO: rod outer segments, RI: rod inner segments. 
A modification of crossed Immunoelectrophoresis, with agarose gels 
in both dimensions and the proteins solubilized in non-ionic detergent 
instead of in sodium dodecylsulfate, has been recommended for the 
investigation of membrane proteins (Bjerrum, 1977). No indication for 
cross reacting antigens шаз found, when illuminated rod outer segment 
membranes, solubilized in Emulphogene BC-720 (Fig. 3.4) or Triton X-lOO, 








Figure 3.2. Crossed immunoploctrophoresis of rod outer segments. 
First dimension: SDS-ΡΑΠΕ 8-28?ί linear concentration gradient of 
Polyacrylamide, li large protein, t: opsin trimer, d: opsin dimer, 
m: opsin monomer. 
Second dimension: 1?ί agarose, 1,5S Fmulphogene BC-720 intermediate 
gel and 1?ί agarose, 3% 'υ/ν) antiserum, 0.25?¿ Fmulphogene BC-720, 





Figure 3.3. Crossed Immunoelectrophoresis of a 700g, 3 min 
supernatant of an agueous homogenate of whole retina. 
First dimension: SDS-PAGE 10?á Polyacrylamide. 
Second dimension: as Fig. 3.2. 
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Figure 3.4. Crossed immunoelectrophoresis of 
illuminated rod outer segment membranes. 
First dimension: 1% agarose, 0.23% Emulphogene BC-720. 
Second dimension: 1% agarose, 8" (u/v) antiserum and 
0.25% Emulphogene BC-72Q, 
suited for the investigation of rod outer segment membranes, since the 
resolution of the proteins in the first dimension шаз very poor. 
Remarkably, no precipitation lines шеге found \uhen the experiment \uas 
carried out in darkness with non-illuminated rod outer segment membra­
nes in Emulphogene BC-720 or Triton X-100. 
3.3.3. Ouchterlony double diffusion 
The reactivity of the rhodopsin antiserum u/as also explored by the 
Ouchterlony double diffusion method. Since ше are dealing with water 
insoluble antigens, an appropriate detergent had to be used. We tested a 
variety of detergents under such conditions that the antigen was able to 
diffuse into the agarose gels, as shown by staining with Coomassie blue 
(in the absence of antiserum). If detergent was omitted from the gel, 
spontaneous'precipitation of antigen occured around the antigen wells. 
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Figure 3.5. Duchterlony double diffusion of various rhodopsin prepara­
tions against antiserum raised against rod outer segment membranes. 
Central well always contains antiserum, the other wells contain: 
(1) non-illuminated rod outer segment membranes 
(2) illuminated (10 min) rod outer segment membranes 
(3) heat denatured rod outer segment membranes 
(4) heat denatured lipid-free rhodopsin 
(5) illuminated (10 min) lipid-free rhodopsin 
(6) non-illuminated lipid-free rhodopsin 
Volume of all wells is 10 μΐ. Detergent incorporated in the gel and 
used for solubilization of the rhodopsin preparations: 
Д; l?i Emulphogene BC-720, B: 0.1% Na dodecylsulfate, C: l°i dodecylmaltose. 
Antigen preparations included rod outer segment membranes and lipid-
free rhodopsin. They were tested as 1) spectrally intact rhodopsin 
(handled in dim red light), 2) opsin, i.e. illuminated rhodopsin and 3) 
rhodopsin after irreversible heat denaturation. The presence or absence 
of membrane lipids did not have a noticeable influence on the precipi­
tation patterns (Fig. 3.5). 
When classified according to the detergent used, three different 
precipitation patterns can be distinguished (Table 3.1 and Fig. 3.5). 
With most detergents both opsin and heat denatured rhodopsin showed 
strong antigenicity, in contrast to rhodopsin itself. A typical 
representative of this group is Emulphogene BC-720 (Fig. 3.5), which 
was investigated in some detail. Neither variation of its concentration 
in the gel from 0.1 to 1%, nor replacement of the normally used Tris 
buffer (pH 7.4) by Veronal buffer (pH 7.4 or 8.8) or phosphate buffer 
(pH 7.4) changed the precipitation pattern. Acid denaturation of 
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Table 3.1. EfFects of detergents on antigenicity and stability of rod outer 
























































') Detergent concentration for antigen solubilization and gel preparation is 
l°o, except for Na dodecylsulfate (0.1°.). 
2 ) "+" means one precipitation line formed during diffusion for 24 hrs at 
room temperature in darkness, "-" no precipitation line formed. 
3 ) Rhodopsin spectrum intact (+) or not (-) over the time period required 
in the assay (Funq and Hubbell, 1978). 
*) Regeneration capacity of opsin (ability to form rhodopsin with 11-cis 
retinal) intact (+) or not (-) (Fung and Hubbell, 1978). 
s ) Detergent mix: Triton X-100 (ΙΌ), Na deoxycholate (0.5°.), Na dodecyl­
sulfate (O.IS). 
rhodopsin gave the same results as heat denaturation. All antigenic 
preparations showed complete immunological identity. It should be 
emphasized that in the case of non-illuminated rhodopsin preparations the 
final washing procedure had to be carried out in darkness or in dim red 
light in order to prevent diffuse precipitation. 
The second pattern u/as seen with the anionic detergent sodium 
dodecylsulfate (O.l'o). All preparations showed antigenicity, and the 
precipitation lines of rhodopsin, opsin and thermally denatured rhodop­
sin fused completely, indicating that they are immunologically identical 
(Fig. 3.5b). Higher detergent concentrations were not tested, since this 
may result in aspecific precipitation (Пгееп et al., 1977). 
The third pattern, expression of antigenicity only after thermal 
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denaturation, шаз seen with dodecylmaltose and sodium chalate 
(Fig. 3.5c). Certain mixtures of detergents like 1°» Triton X-100, 0.5°o 
sodium deoxycholate and 0.1% sodium dodecylsulfate, also showed this 
pattern, even though these detergents by themselves caused a more 
extensive precipitation pattern. Comparable protective effects of 
Triton X-100 шеге reported by Dimitnadis (1979). Under all these 
conditions, normal rabbit serum or pre immune serum did not produce 
precipitation lines. 
3.4. Discussion 
Extensively washed, dark-adapted rod outer segment membranes шеге 
used for the immunization of rabbits under conditions u/hich ensured 
that spectrally that spectrally intact rhodopsin was injected. About 90°» 
of the protein in this preparation was rhodopsin, so the opsin specifi­
city of the antiserum found upon Immunoelectrophoresis is not unexpected. 
However, it was surprising that native rhodopsin did not precipitate 
with the antiserum in darkness under non-denaturing conditions, since 
other investigators explicitly reported the precipitation of both 
rhodopsin and opsin with their antisera under similar conditions in the 
presence of non-ionic detergents (Blaustem and Dewey, 1979; Jan and 
Revel, 1974). 
Conditions effecting antigenicity were studied in some detail with 
the Ouchterlony double diffusion techmgue. No precipitation occurred 
when spectrally intact rhodopsin was used as the antigen, i.e. in non-
denaturing detergents in darkness. With opsin the same phenomenon was 
only seen in very mild detergents, i.e. in detergents which under the 
same conditions allow opsin to be regenerated with 11-cis retinal to 
rhodopsin. The loss of regenerability of opsin in all but the mildest 
detergents has repeatedly been explained on the basis op protein 
denaturation (De Grip, 1982; Fung and Hubbell, 197B). Thus there is a 
remarkable parallelism between biochemical integrity and apparent lack 
of immunereaction (Table 3.1). This suggests that rhodopsin and opsin 
are only antigenic when they have lost their native conformation. 
However, in the immunofluorescence experiment (Fig. 3.1) the antiserum 
reacted with biochemically intact opsin in the native rod outer segment 
membrane. Furthermore, biochemically intact rhodopsin, in the absence 
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of detergents, also appears to be able to react with our antiserum as 
demonstrated by means of the micro complement fixation technique (see 
chapter 4). Thus, a more plausible explanation is that both biochemi­
cally intact and denatured (rhod)opsin are antigenic, but that in the 
presence of non-denaturing detergents antigenic determinants are masked 
from reacting with the antibodies. This hypothesis ωιΐΐ be further 
investigated in the next chapter. Finally, in chapter 6 ше describe the 
application of the different immunochemical behaviour of our antiserum 
against rhodopsin and opsin in the presence of certain detergents for 
a very sensitive and specific radioimmunoassay of opsin. 
3.5. Summary 
The specificity of our antisera raised with dark-adapted rod outer 
segment membranes was studied by means of crossed Immunoelectrophoresis. 
After modification of this technique by using the non-ionic detergent 
Emulphogene BC-720 in both dimensions, spectrally intact rhodopsin, in 
contrast to opsin (illuminated rhodopsin), did not precipitate uith the 
antiserum. We investigated this phenomenon more thorougly in Ouchterlony 
double diffusion experiments with different antigens (dark-adapted, 
illuminated or denatured rhodopsin) and detergents. 
Spectrally intact rhodopsin did never precipitate u/ith the anti­
serum, regardless of the detergent used. Opsin did precipitate in most 
detergents, except in the mildest detergents which maintain its regene­
ration capacity. After previous denaturation by heat, acid or detergent, 
both rhodopsin and opsin always did precipitate with the antiserum. 
From these findings it is concluded that detergents can mask 
antigenic sites in rhodopsin and opsin as long as these proteins retain 
their native conformation. This implies that the application of immuno­
chemical methods to (water-insoluble) membrane proteins requires extreme 
care with respect to the conditions of immunization and assays, particu­
larly the choice of detergent. 
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CHAPTER 4 
MICRO COMPLEMENT FIXATION STUDIES OF THE ANTISERUM AGAINST 
DARK-ADAPTED ROD OUTER SEGMENT MEMBRANES 
4.1. Introduction 
In chapter 3 ше have demonstrated that a monospecific antiserum 
against bovine rhodopsin could be raised by immunizing rabbits u/ith 
dark-adapted bovine rod outer segment membranes solubilized in 2% 
Tween Θ0. Characterization of this antiserum шаз seriously hampered 
by the water insolubility of the antigen. For this reason various 
immunochemical techniques had to be carried out in the presence of de­
tergents. Unfortunately, the interaction of the antiserum with various 
preparations of rhodopsin and opsin appeared to be highly dependent on 
the detergent used and on the physico-chemical state of the antigen 
(rhodopsin, opsin, heat- or acid-denatured rhodopsin). In Ouchterlony 
double diffusion experiments no interaction was observed, when rho­
dopsin or opsin were solubilized in detergents which maintained the 
biochemical integrity of the protein. Only after intentional denatu-
ration in mild detergents or solubilization in denaturing detergents, 
the antigen was recognized by the antiserum (chapter 3). 
The interpretation that rhodopsin only reacts with the antiserum 
after previous denaturation did not agree with the observation that 
the antiserum reacts with biochemically intact opsin in immunofluores­
cence studies. This phenomenon has been further studied by comparison 
of detergent-solubilized and membrane-bound rhodopsin preparations in 
the micro complement fixation techmgue, which allows the use of both 
soluble and particulate antigens. It is found that the conformational 
specificity of the antibodies for rhodopsin and/or opsin is only 
expressed in the presence of detergents. 
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ή . 2 . M a t e r i a l s and methods 
4.2.1. Materials 
Guinea pig complement and rabbit hemolysin uere purchased from 
Flour Laboratories (McLeans, Virginia 22102, USA). Sodium barbital and 
bovine serum albumin were products of Merck (Darmstadt, FRG), Emulpho-
gene BC-720 of Sigma (St. Louis, USA). Dodecylmaltose шаз synthesized 
in our laboratory (De Grip and Bovee-Geurts, 1979). 
The antiserum was elicited by immunizing rabbits with darU-adapted 
rod outer segment membranes, solubilized in 2% Tween 80, as described 
in chapter 3. The antiserum was shown to be monospecifically directed 
against (rhod)opsin (chapter 3) and was used without further purifi­
cation. The natural complement in the serum was inactivated by incuba­
tion at 56 С for 30 mm. The antiserum was diluted to the desired 
concentration with Veronal buffer (see below). 
Rod outer segment membranes and lipid-free rhodopsin were prepared 
as described in section 3.2.2. For some experiments the membranes were 
solubilized in various concentrations of Fmulphogene BC-720, 1Й dode­
cylmaltose or O.IS sodium dodecylsulfate to the same final rhodopsin 
concentration. Illumination of suspensions and detergent solubilized 
preparations was carried out prior to dilution at room temperature 
during 10 min as described in section 2.2.2. 
Sonicated rod outer segment membrane suspensions were obtained 
with a Branson somfier (model B12) at 4 С for 3 m m at output 3, 
followed by 10 sec at output 5 under a nitrogen atmosphere in dim red 
light. 
All dilutions were performed at 4 С with isotonic Veronal buffer, 
consisting of 5 mM sodium barbital, 140 mM NaCl, 0.15 mM CaCl-, 0.5 mM 
MgCl„, Ο.ΙΊί (ω/ν) bovine serum albumin, pH 7.4. 
4 . 2 . 2 . Micro complement f i x a t i o n assay 
The quantitative micro complement fixation assay was modified 
(levine, 1978) after the serological assay of Rose et al. (1973) by 
decreasing the amount of complement so that maximally 90Й lysis of the 
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sensitized sheep erythrocytes was achieved in the absence of antigen 
and antibody. The whole procedure was carried out in dim red light. In 
a series of test tubes we mixed 100 μΐ of a constant antiserum dilution, 
100 μΐ of an antigen concentration series and 100 μΐ of 1:33 diluted 
complement solution. The tubes were kept overnight at 4 C. To each tube 
was then added 200 \il of a 2% (v/v) sensitized sheep erythrocyte sus­
pension. After 30 min incubation at 37 С the reaction was stopped by 
chilling in ice, and the residual erythrocytes were pelleted by centn-
fugation (5 m m at 500g). The supernatant was diluted 40 times with 
water and the absorbance of the released hemoglobin was measured at 
410 nm with water as reference. The absorbance of a series of control 
tubes containing 100 μΐ non-immune serum instead of the antiserum, was 
defined as 100% lysis. The decrease in percentage lysis in the presen­
ce of antigen and antiserum yielded the percentage complement fixed. 
Appropriate controls were included in each assay in order to check the 
anti- and pro complementarity of each of the components. All assays 
were performed at least in duplicate. 
The antiserum dilution was determined empirically. The antigen 
concentration series was prepared by serial two-fold dilution of the 
concentrated stock solutions. When detergent-solubilized antigens were 
used, the antigen solution was rapidly diluted with buffer to 0.01% 
detergent concentration immediately before the assay. The concentration 
series was then prepared by adding buffer containing O.OIS detergent. 
Thus, the detergent concentration in the final assay mixture was never 
more than 0.002Й. This is important, since a detergent concentration 
higher than 0.004S causes lysis of the sheep erythrocytes. 
The sheep erythrocytes were sensitized to complement by incubation 
of one volume of a 4Ίί erythrocyte suspension with one volume of 1:1200 
diluted hemolysin. The amount of complement needed for Э0°і lysis of the 
sheep erythrocytes was determined by titration of the sensitized ery­
throcytes with complement in the absence of antigen and antibody in a 
total volume of 500 μΐ. 
4.2.3. Absorption experiments 
Non-diluted antiserum (8 μΐ) was incubated with rod outer segment 
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membranes (311 μη) in a total volume of 600 μΐ Veronal buffer, i.e. 
at the ratio of antiserum to antiken cjivinq maximal complement 
fixation (cfr. Fig. 4.1). After standinq overnight at 4 С and incu­
bation for 30 m m at 37 Г, the mixture was diluted ten times with 
Veronal buffer. The membranes were removed by high speed rentnfuga-
tion (80,000g, 4 Г, 30 m m ) . The supernatant uas used as "antiserum" 
in micro complement fixation assays, as described above. In a control 
experiment the pellet uas suspended in 6.1 ml Veronal buffer. Of thi4 
suspension 100 μΐ was added to 100 yl Veronal buffer and 100 μΐ 1:33 
diluted complement solution, and the percentage of complement fixation 
was determined as described in the previous section. 
4.3. Results 
4.3.1. Rod outer segment membranes 
The interaction of the antiserum with rod outer segment membranes, 
as studied in the micro complement fixntion assay, is shown in Fig. 1. 
Dark-adapted rod outer segment membranes were able to fix complement 
in the presence of the antiserum. At 1:3500 antiserum dilution 63й 
complement fixation was found at 0.64 - 1.28 μη rhodopsin per tube. 
This complement fixation reflects antibody-antiqen interaction. It is 
not the result of aspecific complement fixation to the membranes (anti­
complementary effect), since no complement fixation was observed after 
replacement of the antiserum by non-immune serum. When illuminated 
membranes were incubated with the same antiserum dilution, a simular 
percentage of the added complement was fixed, but the curve ohows a 
minor shift to the right. When thermally denatured rod outer segment 
membranes, either dark-adapted or illuminated, were tested, a higher 
percentage of complement fixation was reached, which peaked at about 
the same concentration as with non-denatured dark-adapted rod outer 
segment membranes. 
With purified, lipid-free rhodopsin, either dark-adapted or 
illuminated, comparable complement fixation curves were obtained, but 
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Figure 4.1. Micro complement fixation by a rhodopsin anti­
serum in the presence of rod outer segment membranes. 
Antiserum dilution 1:3500, dark-adapted (i) and illuminated 
(10 m m ) rod outer segment membranes (Δ). Solid lines, 
native preparations; dashed lines, heat denatured at 70 С 
for 30 mm. 
4.3.2. Rod outer segment membranes, solubilized in Emulphogene BC-720 
Dark-adapted rod outer segment membranes шеге solubilized in an 
increasing concentration of Emulphogene BC-720, diluted to the appro­
priate concentration series and analyzed in the micro complement 
fixation assay. A drastic vertical shift to Іошег percentages of 
complement fixation was observed with increasing detergent concentra­
tions (Fig. 4.2). After solubilization in l"i Emulphogene RC-720 
(detergent/rhodopsin molar ratio = 464) complement fixation was not 
detectable anymore. 
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Figure 4.2. ETfect of Emulphoqene BC-720 on com­
plement fixation actiwity of rhodopsin antiserum 
in the presence of dark-adapted rod outer segment 
membranes. 
Curve 1: suspension without detergent; curves 2, 
3 and 4: solubilized at deterqent/rhodopsin ratios 
of 46, 232 and 464, respectively. 
Antiserum dilution 1:1700. 
the same conditions, a completely different set of complement fixa­
tion curves vas obtained (Fig. 4.3). With increasing detergent 
concentration in the solubilization of the antigen, the curves u/ere 
laterally shifted to considerably Іошег opsin concentration. This 
lateral shift шііі be dealt with in the next section. In contrast to 
the dark-adapted preparation, the ability to fix complement шаз 
largely retained, even after solubilization in 1% Emulphogene BC-720 
(detergent/орчіп molar ratio - 464). When the detergent/opsin molar 
ratio was still further increased, a vertical shift to lower percen­
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Figure 4.3. Effect of Emulphogene BC-720 on com­
plement fixation activity of rhodopsin antiserum 
in the presence of illuminated rod outer segment 
membranes. 
Curve 1: suspension without detergent; curves 2, 
3, 4 and 5: solubilized at detergent/opsin ratios 
of 232, 464, 92B and 3712, respectively. 
Antiserum dilution 1:1700. 
At a molar ratio of 3712 the illuminated preparation had also almost 
completely lost its capacity to fix complement (Fig. 4.3). 
When thermally denatured rod outer segment membranes, either 
dark-adapted or illuminated, were solubilized in 1% Emulphogene BC-720, 
the same percentage of complement was fixed as with the illuminated 
preparation, but the curves show somewhat less lateral shift (to 80 -
160 ng opsin; not shown). 
4.3.3. Lateral shift 
A drastic lateral shift, like that observed for opsin in the 
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presence of Emulphogenp ΒΓ-720 (Fiq. 4.3; peak moving From 12B0 to 
ήΟ ης) must represent the exposition oF many additional antigenic 
sites. These sites can be either oF the same nature as those available 
in the membrane bound state or principally diFFerent. This question 
шаз investigated in an absorption experiment (Table 4.1). When the 
antiserum, pre-absorbed to illuminated rod outer segment membranes, 
u/as centnfuged, the resulting pellet showed strong complement Fixation 
activity. The supernatant, however, exhibited a low residual antiserum 
Table 4.1. Complement Fixation activity oF a rhodopsin antiserum aFter 
absorption to illuminated rod outer segment membranes. 






added as antigen 
I 1 1 
illuminated illuminated ROS dark-adapted 
ROS membranes membranes in 15! ROS membranes 
I Emulphogene BC-720 i 
percent complement 
Fixation aFter ad- 95 2Θ 5 4 
dition oF complement 
amount oF antigen 
(ng/tube) For max. 1200 5120 20 2560 
complement Fixation 
AFter centnFugation the supernatant was assayed with various rod outer 
segment membrane preparations as antigen. Experimental details in section 
4.3.3. ROS = rod outer segment. 
activity in the micro complement Fixation assay, regardless whether the 
antigen is a membrane bound or an Emulphogenc С-720 solubilized illu­
minated rod outer segment membrane preparation. 
When the illuminated rod outer segment membrane bound preparation 
was replaced by a dark-adapted preparation in the absorption step, the 
resulting complement Fixation percentages were very similar to those 
in Table 4.1. 
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We haue also compared the effect of detergent solubilization with 
sonication of the membranes. Micro complement fixation curves for 
sonicated dark-adapted rod outer segment membranes showed a considera­
ble lateral shift to lower rhodop->in concentrations (from 640 - 1200 to 
80 - 160 ng). 
4.3.4. Decrease in affinity or absence of lattice formation7 
We haue inuestigated whether the absence of immune complex forma­
tion after solubilization of the membranes in Emulphogene BC-720 is 
due to a reduction in affinity between antigen and antibody or to in 
incapability to form antigen-antibody lattices. Therefore the antigen-
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Figure 4.4. Inhibition of binding of I-labeled opsin (0.5 ng; 
70,000 cpm) to rhodopsin antiserum. 
Inhibition by opsin (Δ) and rhodopsin (o). Reaction in a total uolume 
of 440 gl 0.02 M phosphate buffered saline, 0.1Й Emulphogene BC-720, 
0.1S serum albumin (pH 7.6) at room temperature for 24 hrs. Antiserum 
200 μΐ of a 1:100,000 dilution. 
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on the primary interaction between antigen and antibody without the 
need of lattice formation. 
This was possible by means of a competition experiment such as 
used in radioimmunoassays. Rhodopsin or opsin, solubilized m Emulpho-
125 gene BC-720, was allowed to compete with I-labeled opsin for a 
limited amount of antibody. The methodological details of the experi­
ment are dealt with in chapter 6. The results, shown in Fig. 4.4, 
125 indicate that opsin competed very effectively with I-opsin for the 
antibody, whereas rhodopsin did not show any competition under the 
same conditions. 
4.3.5. Rod outer segment membranes, solubilized in other detergents 
Having established with Ejnulphogene BC-720 that the micro com­
plement fixation assay can yield more subtle information on detergent 
effects in terms of vertical and lateral shifts, we have also used 
dodecyl maltose (1%) and sodium dodecylsulfate (0.1%) in these assays 
(Table 4.2). After solubilization in IS dodecylmaltose, rhodopsin and 
Table 4.2. Complement fixation activity of a rhodopsin antiserum with 
various rod outer segment membrane preparations in different detergents. 
Rod outer segment membranes 
detergent dark-adapted illuminated denatured 
no detergent 
IK dodecylmaltose 
1% Emulphogene BC-720 













+ : more than 50Й complement fixation 
- : less than 5Й complement fixation 
In parentheses: amount of antigen (ng/tube) for maximal complement 
fixation at 1:1700 serum dilution. 
opsin did no longer fix complement, whereas they did after solubiliza­
tion in 0.1Й sodium dodecylsulfate. Thermally denatured rhodopsin 
preparations were always active, regardless which detergent was used. 
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4.4. Discussion 
4.4.1. Emulphogene BC-720 sulubilized and membrane bound rhodopiin 
In this chapter we have compared the interaction of the anti D-ROS 
serum with detergent solubilizcd and membrane bound rhodopsin prepara­
tions by means of the micro complement fixation technique. In spite of 
the small (but reproducible) differences observed, the experiments 
clearly demonstrated that interaction of the antiserum occured with 
both particulate rhodopsin and opsin, whether biochemically intact or 
denatured and whether membrane bound or lipid-free. 
Having established that rhodopsin preparations in the absence of 
detergents always interacted with the antiserum, the effect of deter­
gents in the micro complement fixation assay was studied. The non-ionic 
detergent Emulphogene BC-720 was selected for this purpose in view of 
extensive experience with this detergent in Ouchterlony double diffu­
sion experiments. 
The vertical shift observed after solubilization of the dark-
adapted outer segment membranes in an increasing concentration of 
Emulphogene BC-720 can be interpreted as a gradual loss of the ability 
of antigenic sites to form antibody complexes or to fix complement 
without extensive changes in overall protein structure (Levine, 1978). 
It should be noted that the final detergent concentration in the 
incubation mixture is always the same and very low (0.00250. Therefore, 
the differences in complement fixation seen in Fig. 4.2 represent a 
detergent effect in the antigen solution before dilution, which is 
"frozen" during dilution. This explains why the complement fixation 
curve of a suspension of dark-adapted rod outer segment membranes in 
0.01Й Emulphogene BC-720 is similar to that in the absence of detergent. 
In contrast to the dark-adapted preparation, the illuminated and 
thermally denatured rhodopsin preparations largely retained their ability 
to fix complement. Thus, the complement fixation capacity of rhodopsin 
preparations decreases with increasing Emulphogene BC-720 concentration. 
However, it required almost ten times as much detergent to cause com­
plete loss of complement fixation capacity in opsin as compared to 
rhodopsin. It should be noticed that these results are consistent with 
the Ouchterlony double diffusion experiments (section 3.3.3), in which 
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a precipitation line in 1% Emulphogene BC-720 was yielded by opsin but 
not by rhodopsin. 
ή.4.2. Lateral shift 
A drastic lateral shift, like that observed for opsin in the 
presence of Emulphogene BC-720 (Fiq. 4.3: peak movinq from 1280 to 
40 ng), must represent the exposition of many additional antigenic 
sites. In principle, these sites could either be of the same nature as 
those available in the membrane bound state or of a different nature. 
However, the results of the absorption experiments indicate that the 
antigenic sites present on Emulphogene BC-720 solubilized opsin are 
the same as those on illuminated outer segment membranes and that 
membrane bound opsin and rhodopsin are immunologically nearly identi­
cal. 
The question then remains how to explain the large leftward shift 
upon detergent solubilization. Rod outer segment preparations are 
known to exist of vesicles with the (rhod)opsin molecules oriented 
with their N-terminus (including two oligosaccharide residues) inward. 
Immunological characterization of the proteolytic fragments of rhodop­
sin has shown that the major antigenic sites for the present antiserum 
are located in the N-terminal half of rhodopsin (section 7.3). Thus, 
these sites could become detectable after somcation of the vesicles, 
which results in a more random inside-out orientation of the membrane 
protein. Micro complement fixation curves for sonicated dark-adapted 
rod outer segment membranes indeed showed a considerable lateral shift 
to lower rhodopsin concentrations (from 640-1280 to 80-160 ng). This 
confirms that a lateral left shift can be due to an increased exposure 
of those parts of the antigen, which in vesicles are not exposed and 
accessible to the antibodies. 
It therefore appears that Emulphogene BC-720 has two effects on 
the interaction of rod outer segment membranes with the antiserum: 
1. it tend4 to тачк the antigenicity of rhodopsin preparations, and 
2. it tends to expose antigenic sites, which in vesiLles are not 
accessible to the antiserum. In the case of rhodopsin the first effect, 
observed as a vertical shift, dominated so heavily that it prevented 
expression of the second effect. In the case of opsin, the second 
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effect, observed as э lateral shift, uras expressed at louer detergent 
concentration, but it was ultimately overruled by the first effect. 
4./1.3. Decrease in affinity or absence of lattice formation? 
The absence of complement fixation and of precipitation of 
rhodopsin in Ouchterlony double diffusion qels after solubilization in 
Emulphoqene BC-720, as opposed to opsin, could be due either to a 
reduction in affinity between antigen and antibody or to an incapability 
to form antigen-antibody lattices. The latter is a prrrcquisjte for 
the detection of an antigen-antibody interuction aith either method. In 
a radioimmunoassay, u/hich .is based on the primary interaction between 
antigen and antibody without the need of lattice formation, opsin 
competed very effectively with ~ I-opsin for the antibody uhereas 
rhodopsin did not. Hence, ше conclude that the inability of intact 
rhodopsin to fix complement and to give precipitation lines in the 
presence of antibody and detergent u/as not caused by its inability to 
form lattices, but by a drastic reduction in affinity between antigen 
and antibody. 
4.4.4. Rod outer segment membranes solubilized in other detergents 
In our study with the Ouchterlony double diffusion technique 
(section 3.2.6), we showed that other detergents than Emulphogene BC-720 
affect the antigenicity of rhodopsin. Very mild detergents like 
dodecylmaltose and sodium cholate inactivated the antigenicity of both 
rhodopsin and opsin. Many others, like Triton X-100, Ammonyx tO and 
nonylglucose, behaved like Emulphogene BC-720, masking only the 
antigenicity of rhodopsin. Sodium dodecylsulfate (at 0.1S) did not 
exhibit any masking effects. 
In the micro complement fixation assay rhodopsin and opsin did not 
fix complement after solubilization in 1% dodecylmaltose, whereas they 
did after solubilization in 0.1Ж sodium dodecylsulfate. Thermally 
denatured rhodopsin preparations were always active, regardless which 
detergent was used. Hence, in terms of vertical shifts the results of 
micro complement fixation studies are consistent with those of the 
Ouchterlony double diffusion studies. 
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Interesting neu information was obtained from the lateral shifts 
observed. In all cases where the detergent was not preventing the 
expression of antigenicity, a left shift was observed as compared to 
membrane bound antigen. This is exactly what one would expect when 
detergents can break up the vesicles and thus expose previously inac­
cessible antigenic sites. The effect was relatively small in the case 
of 0.1S sodium dodecylsulfate. This may be due to other detergent-
related factors, since rod outer segment membranes solubilized in 
higher concentrations of this detergent and subsequently diluted to 
0.01Й did no longer fix complement in the presence of the antiserum. 
Comparison of the detergent effects in the Ouchterlony double 
diffusion experiments (section 3.3.3) and in the present micro 
complement fixation studies might seem to be invalid, since the 
detergent concentrations during the actual antibody-antigen interaction 
were greatly different in both approaches: 0.1-1Й vs. О.ООЗЗй. However, 
we have reason to assume that the detergent effects on rhodopsin in the 
original, undiluted antigen solution are not reversed during the 
subsequent dilution and assay (section 4.3.2). Reconstitution of 
membrane vesicle is unlikely in view of the very low concentrations of 
rhodopsin (0.05 μΜ) and phospholipids (3 μΜ) in the tubes. 
Hence, our earlier interpretation of the vertical and lateral 
shifts in the micro complement fixation assay of rhodopsin with our 
antiserum in the presence of Emulphogene BC-720 is supported by the 
application of other detergents. An earlier conclusion from the Ouchter­
lony double diffusion experiments that detergents can shield antigenic 
sites in rhodopsin and opsin, as long as these proteins are conformatio-
nally intact, needs refinement. Apparently, detergents mask the antige­
nicity of rhodopsin more efficiently when it is conformationally 
intact. On the other hand, detergents can have a differential 
denaturing activity towards rhodopsin and opsin, intensifying the 
already existing conformational differences between them. The balance 
between the masking and the denaturing efficiency of a particular 
detergent determines whether it induces immunological discrimination 
between rhodopsin and opsin. It should be emphasized that the present 
experiments have all been carried out with a single antiserum. When an 
antiserum is elicited against another rhodopsin preparation or under 
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different conditions, \i/e haue found that other phenomena can be 
observed e.q. a reversal of the detergent-induced masking effect in 
favor of opsin (see chapter 5). 
4.4.5. Concluding remarks 
It must be emphasized that the present experiments have all been 
carried out with a single antiserum, elicited against dark-adapted rod 
outer segment membranes containing spectrally intact rhodopsin. This 
does not rule out that opsin may have been the actual immunoqen, since 
after injection the animals are exposed to normal light conditions, so 
bleaching and denaturation of the circulating rhodopsin may шеіі take 
place. In any case, we have observed the same detergent induced 
specificity pattern in all antisera raised by the present immunization 
method upon examination by Ouchterlony double diffusion and micro 
complement fixation. Other investigators explicitly report the preci­
pitation of both rhodopsin and opsin with their antiserum in Ouchterlony 
double diffusion experiments in the presence of non-ionic detergents 
(Blaustein and Dewey, 1979; Jan and Revel, 1974). In our hands a sheep 
antiserum against sodium dodecylsulfate denatured rhodopsin (gift of 
Dr. Papermaster, New Haven, USA) reacted with both rhodopsin and opsin 
under conditions where our antiserum only reacted with opsin. Peterson 
and coworkers (19B2), on the other hand, have described an antiserum 
125 
with reversed specificity. In competition experiments with I-rhodop-
sin they find similar behaviour of rhodopsin and opsin, but in 
Emulphogene BC-720 570 times more opsin than rhodopsin is required for 
the same degree of competition. Recently, we have also obtained anti-
sera with these characteristics by varying the immunization conditions. 
These observations suggest that the physical state of the antigen 
(rhodopsin or opsin, native or denatured, other components of the 
injection cocktail) is an important factor also during immunization. 
4.5. Summary 
An antiserum (anti D-ROS), elicited in rabbits against dark-
adapted rod outer segment membranes, has been characterized by means of 
the micro complement fixation technique. Both particulate rhodopsin and 
69 
opsin, either intact or denatured and either membrane bound or lipid-
free, are able to interact with this antiserum. 
Solubilization of the antigens in increasing concentrations of 
Fmulphogene BC-720 leads to complete Іозч of complement fixation with 
both rhodopsin and opsin, but in the case of opsin this requires almost 
ten times more detergent. In the case of opsin this masking phenomenon 
is preceded by a drastic exposure of antigenic sites, which in the 
membrane vesicles are not accessible to the antibodies. Absorption 
experiments show that the antigenic sites on membrane bound rhodopsin 
and opsin, as well as on opsin solubilized in Emulphogene BC-720 are 
of the same nature. 
Competition experiments show that the masking effect of Emulpho­
gene BC-720 is due to an inhibition of the primary antigen-antibody 
interaction and not to the inhibition of lattice formation. 
Experiments with different detergents demonstrate that detergents 
more efficiently mask the antigenicity of conformationally intact than 
of denatured rhodopsin preparations. The balance between the masking and 
the denaturing efficiency of a particular detergent determines whether a 
detergent-induced immunological discrimination can be observed between 
rhodopsin and opsin. These masking effects are typical for the anti 
D-ROS serum and probably depend on methodological details of the 
immunization procedure. In the next chapter we will characterize the 
specificity of the other anti rhodopsin sera. 
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CHAPTER 5 
SPECIFICITY OF OTHER ANTI RHOOOPSIN SERA 
5.1.' Introduction 
In chapter 2 ue have described the preparation of antiserâ against 
different rhodopsin preparations. The course of the antibody titers uas 
followed using thermally denatured rod outer segment membranes solubi-
lized in Emulphogene BC-7Z0 as test antigen. With the macro complement 
fixation assay an unexpected obseruation was made. The antisera against 
dark-adapted outer segment membranes (anti D-ROS), lipid-free, dark-
adapted rhodopsin (anti D-rhod) and lipid-free, illuminated opsin (anti 
L-opsin), all raised with biochemically intact (rhod)opsin, have high 
titers, while the antisera raised with thermally denatured rhodopsin 
(anti SDS-ROS) have low titers, just the utlier way around as expected. 
Furthermore, when rabbits already immunized with dark-adapted outer 
segment membranes were treated with dark-adapted, lipid-free rhodopsin, 
a decrease of the antibody titers occurred (section 2.2.3) 
This led us to the question whether these differences in antibody 
titer are a consequence of differences in specificity of the various 
antisera with respect to the applied test antigen, denatured rod outer 
segment membranes solubilized in 1% Emulphogene BC-720. In other words: 
would the antisera show other titer values when other test antigens 
are used? 
Therefore we have studied in this chapter the specificity of the 
anti D-rhod, anti L-opsin and anti SOS-ROS antisera with several 
immunochemical techniques, just as we did for anti D-ROS in chapters 
3 and 4. With these experiments we have attempted to answer the 
question whether it is possible to manipulate the specificity of an 
anti rhodopsin serum by immunizing laboratory animals with the 
appropriate immunogen. 
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5.2. Materials and methods 
The immunization protocols have been described in chapter 2. The 
experiments in this chapter uere primarily performed with antisera 
with the highest antibody titer, aa determined in chapter 2. For the 
antiserum elicited with lipid-free illuminated rhodopsin (anti L-opsin) 
this is the test bleeding on day 53 (Fig. 2.3.b). For the antiserum 
elicited with denatured rod outer segment membranes (anti SDS-ROS) it 
is the test bleeding on day 49 (Fig. 2.4.b). For the antiserum raised 
with lipid-free dark-adapted rhodopsin (anti D-rhod) the final bleeding 
of the rabbit (Fig. 2.2.a) was used. As described in section 2.4 this 
antiserum is a special case, since it was raised in rabbits which had 
already been immunized with dark-adapted rod outer segment membranes. 
Immunofluorescence experiments were performed as described in 
chapter 3. 
Dark-adapted, illuminated and thermally denatured rhodopsin, used 
for Ouchterlony double diffusion and micro complement fixation assays, 
were prepared as described in sections 3.2.2 and 4.2.1, respectively. 




In first instance we studied the interaction of the antisera with 
biochemically intact opsin in situ in the rod outer segment membrane 
with immunofluorescence experiments. Retina-choroid cryosections were 
labeled with the various antisera and subsequently the labeling was 
visualized by incubation with fluorescein isothiocyanate-conjugated 
goat anti rabbit-gamma globulin. The label was mainly confined to the 
rod outer segment region (Fig. 5.1). The labeling patterns were, 
similar to that obtained with anti D-ROS (Fig. 3.1), except for the 
labeling intensity which reflects the antibody titer values. 
These immunofluorescence experiments tell us little about the 
specificity of the antisera. Therefore, it was necessary to separate 
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Figure 5.1. Immunofluorescence in retina-choroid sections. 
The sections uere exposed to rabbit antiserum against: dark-adapted 
lipid-free rhodopsin (A), illuminated lipid-free opsin (B) and sodium 
dodecylsulfate denatured rod outer segment membranes (C). 
Antiserum dilution 1:10 in PBS buffer. Enlargement: 450 X. 
CH: choroid, PE: pigment epithelium, R0: rod outer segments, RI: rod 
inner segments. 
the various rod outer segment components und monitor these against the 
antisera by immunodiffusion and electrophoresis. Ноше ег, adeguate 
separation of water-insoluble membrane proteins reguires the use of 
detergents. 
5.3.2. Rocket Immunoelectrophoresis 
Preliminary specificity determinations were carried out in the 
light with Emulphogene BC-720 as detergent. Rocket immunoelectrophore-
sis of rod outer segment membrane solutions in Emulphogene BC-720 
against anti D-rhod showed only barely visible precipitation. Therefo­
re, in this stage and under these conditions, nothing can be concluded 
about the antiserum specificity. Anti L-opsin showed two precipitation 
peaks in a rocket Immunoelectrophoresis experiment. One peak could be 
identified as an opsin-antibody precipitate, but the other peak was 
caused by concanavalin A. The presence of antibodies against concana-
valin A is not surprising, since the immunogen was purified by 
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chromatography over concanavalin A scpharose and a leakage of 
noncanaualin A from the sepharose can not be excluded. Since ше had 
only a limited amount of antiserum anti SDS-ROS, its specificity u/as 
investigated in a diffusion experiment against a dilution series of 
rod outer segment membranes solubilized in Emulphogene BC-720 in the 
light. Only a single precipitation line was observed a]onq the 
concentration series, indicating monospecific character. 
5.3.3. Micro complement fixation 
- "'· The interaction between the three antisera and rod outer segment 
membranes was also studied with the micro complement fixation technique. 
This technique is more quantitative and allours a comparison of detergent 
solubilized and suspended rod outer segment membranes. The antiserum 
titers шеге determined (section 2.3) with the macro complement fixation 
assay, except that of anti SD5-R05 serum v/hich had already been 
determined with the micro variant. For the experiments to be described 
here, the micro variant was choosen in order to obtain a higher 
sensitivity. 
Fig. 5.2 presents the micro complement fixation curves for the 
three antisera against three different test antigens: dark-adapted, 
illuminated and thermally denatured rod outer segment membrane suspen­
sions. Each of the three antisera reacted with all three test antigens. 
They showed only minor differences in interaction with dark-adapted 
and illuminated rod outer segment membranes. Anti O-rhod serum, however, 
fixed less complement in the presence of thermally denatured rod outer 
segment membranes. Anti SDS-ROS serum, on the other hand fixed more 
complement in the presence of thermally denatured rod outer segment 
membranes, which is not surprising since this antiserum was elicited 
with denatured rhodopsin. In these experiments anti L-opsin serum 
behaved in the same way as anbi D-RDS serum. The difference in antibody 
titer, already observed in section 2.3, is here reflected in the 
differences in antiserum dilution needed to obtain an equal percentage 
of complement fixation. 
The interaction of the antisera was further studied with several 
detergent solubilized rhodopsin preparations. Emulphoqene ВГ-720 was 
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chosen as detergent, since this allows the best comparison uith the 
results of chapters 2, J and 4. Dark-adapted, illuminated and thermally 
denatured rod outer segment membranes, solubilized in 1% Emulphogene 
BC-720 (detergent/(rhod)opsin molar ratio 462) were uaed as test anti­
gen. We stress again that an antigen dilution aeries was made with a 
constant Emulphogene BC-720 concentration of О.ОІЙ (section 4.2.2). 
immediately before the assay. Fig. 5.3 presents the interaction of 
the antisera with the various rhodopsin preparations. Pronounced 
differences in complement binding by the antisera were found for the 
three test antigena. Anti D-rhod serum interacted very well with 
the dark-adapted rod outer segment membranes, but hardly with illumi­
nated or thermally denatured rod outer segment membranes, when these 
test antigens yere solubilized in Emulphogene BC-720. 
The reduction in affinity of anti D-rhod serum for Emulphogene 
BC-720 solubilized thermally denatured rod outer segment membranes 
after prolongation of the immunization with lipid-free rhodopsin is 
remarkable. For comparison are presented in Fig. 5.4 the micro 
complement fixation curves, obtained for the antisera before and 
after the change over to lipid-free rhodopsin as inmunogen. It is 
obvious that the specificity of the antiserum is totally reversed. 
Anti L-opsin serum, on the other hand, did not' show any inter­
action with dark-adapted rod outer segment membranes, but gave 58% 
and 6Й complement fixation in the presence of illuminated and 
thermally denatured Emulphogene BC-720 rod outer segment membranes, 
respectively. In this respect, anti L-opsin is similar to anti D-ROS 
serum (section 4.3.2). Anti SDS-ROS serum reacted with all three 
Emulphogene BC-720 solubilized test antigens. The highest percentage 
of complement fixation was found for thermally denatured opsin. It 
is obvious that in order to reach the same percentage of complement 
fixation as observed for the rod outer segment membrane suspensions, 
eight times more concentrated Anti D-rhod serum and four times more 
concentrated anti L-opsin serum and anti SDS-ROS serum were needed. 
Table 5.1 summarizes the interactions of the four antisera with the 
various rhodopsin antigens as measured by their complement fixation 
capacity. 
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Figure 5.2. Micro complement fixation by various 
enti rhodopsin antisera in the presence of rod outer 
segment membrane preparations. 
The following outer segment membrane preparations 
were used: 
dark-adapted (·), 
illuminated during 10 min (о), 
thermally denatured at 70oC for 30 min (Δ). 
A: anti D-rhod serum (dilution 1:1600) 
B: anti L-opsin serum (dilution 1:3000) 
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1.25 5 20 Θ0 320 12Θ0 
(rhod) opsin (ng) 
Figure 5.3. Micro complement fixation by various 
anti rhodopsin antisera in the presence of 
Emulphogene BC-720 solubilized rod outer segment 
membrane preparations. 
The outer segment membrane preparations were 
solubilized at an Emulphogene BC-720/(rhod)opsin 
molar ratio of 464, either 
dark-adapted (·), 
illuminated during 10 min (о) or 
thermally denatured at 70 С for 30 min (Δ). 
A: anti D-rhod serum (dilution 1:200) 
Bs anti L-opsin serum (dilution 1:800) 
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Figure 5.4. Micro complement fixation by anti rho-
dopsin antisera in the presence of Emulphogene BC-720 
solubilized rod outer segment membrane preparations. 
The outer segment membrane preparations шеге solubi­
lized at an Emulphogene BC-720/(rhod)opsin molar 
ratio of 464, either 
dark-adapted (a) or 
illuminated for 10 min (о). 
A: antiserum before and 
B: antiserum after the change over From Tween Θ0 
solubilized dark-adapted outer segment membranes to 
lipid-free rhodopsin as immunogen. Dilution 1:200. 
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5.3.4. Ouchterlony double diffusion 
The reaction of the three antisera with the three test antigens 
u/as also studied with the Ouchterlony double diffusion technique. The 
precipitation patterns of the three sera with dark-adapted, illumina­
ted and thermally denatured rhodopsin, all solubilized in 1% 
Emulphogene BC-72Q, are presented in Fig. 5.5. It is striking that the 
anti L-opsin serum and anti SDS-ROS serum display the same precipita­
tion patterns as found for the anti D-ROS serum (section 3.3.3). The 
results obtained with the anti L-opsin serum are in agreement with 
Figure 5.5. Ouchterlony double diffusion of various rhodopsin antisera 
against Emulphogene BC-720 solubilized rod outer segment membrane 
preparations. 
Outer segment membranes were solubilized at an Emulphogene BC-720/(rhod)-
opsin molar ratio of 464, either dark-adapted (1), illuminated during 10 
min (2) or thermally denatured at 70 С for 30 min (3). 
In the wells at the left side: A: anti D-rhod serum; B: anti L-opsin serum 
and C: anti SDS-ROS serum. 
Volume of the wells was 10 yl. 1% Emulphogene BC-720 was incorporated in 
the gels. Diffusion in the dark room for 24 hrs. 
the results of the micro complement fixation experiments. The anti 
SDS-ROS serum, however did not precipitate with the dark-adapted rod 
outer segment membranes, while it reacted with the dark-adapted rod 
outer segment membrane solution in the micro complement fixation assay. 
The anti D-rhod serum shows an unexpected precipitation pattern. It 
precipitated the dark-adapted rod outer segment membrane solution, 
which agrees with the micro complement fixation experiments. In 
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disagreement with the micro complement fixation results, however, 
precipitation lines were obtained with illuminated and thermally 
denatured rod outer segment membranes. These are single lines, which 
confirmes the monospecific character of the antisera. 
When the same diffusion experiment was repeated with Ili dodecyl-
maltose instead of IS Emulphogene BC-720, consistently only the 
denatured opsin was precipitated by all three antisera. When 0.1% 
sodium dodecylsulfate was used as detergent, the anti L-opsin serum 
precipitated with all rhodopsin antigens, while the anti D-rhod serum 
and anti SDS-ROS serum showed too much aspecific precipitation to 
allow correct interpretation of the results. 
5.4. Discussion 
After the extensive study of the anti D-ROS serum in the preceding 
chapters, we have now characterized the three other antisera. A 
consistent picture of these three sera is obtained by means of immuno-
fluorescence and complement fixation experiments. 
All three antisera reacted with biochemically intact opsin in situ 
in the rod outer segments, as shown with the immunofluorescence experi-
ment. This interaction was confirmed and further studied with the micro 
complement fixation technique. In the membrane bound state, both 
illuminated and dark-adapted and thermally denatured rhodopsin were 
recognized by the three antisera. However, it is remarkable that the 
anti D-rhod serum showed less affinity for thermally denatured 
rhodopsin. In the preliminary rocket Immunoelectrophoresis experiments 
aimed at elucidating the antiserum specificities we already found that 
the anti D-rhod serum was deviating by its lack of specific precipita-
tion. This suggests the existence of a detergent effect similar to that 
found for the anti D-ROS serum in the sections 3.3.3 and 4.3.2. 
Therefore, we have extended the micro complement fixation approach 
by using detergent solubilized rhodopsin preparations as antigen for 
the three antisera. The study was limited to Emulphogene BC-720, since 
this detergent was most frequently used in the preceding chapters. The 
affinity of the antisera for all rhodopsin preparations is obviously 
diminished, since for the anti D-rhod serum eight times more and for the 
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anti L-opsin serum and anti SDS-ROS serum both four times more concen-
trated antiserum uas needed to reach the same percentage of complement 
fixation. Solubilization of the antigens resulted in a lateral shift 
of the complement fixation curves to the left. The lateral shift of 
the complement fixation curves, obaerved after interaction of the 
anti D-ROS serum with the same Cmulphogene BC-720 solubilized antigens 
as used in this chapter, was explained by exposure of additional 
antigenic sites of the same nature. This lateral shift could also be 
expected here, since the same antigen preparations were used. 
In addition to a general decrease in affinity, detergent solubi-
lization of the membranes also induced a more specific decrease in 
affinity for the different antigen preparations. So it appears that, 
under the conditions used, the affinity of the anti D-rhod serum for 
illuminated and thermally denatured rhodopsin was almost totally 
abolished. The character of this serum is therefore totally different 
from that of the anti D-ROS serum which maintained its affinity for 
the illuminated and thermally denatured rhodopsin after solubilization 
in Emulphogene BC-720, but which lost its affinity for dark-adapted 
rhodopsin. The anti L-opsin serum, on the contrary, had the same 
specificity as the anti D-ROS serum. After solubilization of the 
antigens in Emulphogene BC-720 the affinity of the antiserum was merely 
maintained for the illuminated and thermally denatured state. The anti 
SDS-ROS serum, however, reacted in the same extent with the rhodopsin 
in these preparations, even after solubilization of the antigens in 
Emulphogene BC-720. After solubilization of the membranes the affinity 
was, however, decreased with a factor four, since nearly four times 
more antiserum was needed to reach the same percentage of complement 
fixation. 
Thus the decrease in antibody titer, observed for the anti D-rhod 
serum upon changing to lipid-free, dark-adapted rhodopsin as immunogen 
(section 2.3), was caused by an altered specificity of the antiserum. 
Apparently, a new population of antibodies began to dominate. The titer 
could be maintained on a high level, when it was determined against 
dark-adapted instead of denatured rhodopsin. 
The Ouchterlony double diffusion patterns of the anti L-opsin 
in Emulphogene BC-720, dodecylmaltose and sodium dodecylsulfate were 
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the same as those found with the anti D-ROS serum in section 3.3.3. 
This was also true for the micro complement fixation results for the 
two antisera. These results strongly suggest an identical immunoche-
mical behaviour of these two antisera. However, the precipitation 
patterns obtained with the anti D-rhod serum and the anti SDS-ROS 
serum were not in agreement with the results of the micro complement 
fixation experiment. On comparing the diffusion patterns, it appears 
that precipitation is always found with thermally denatured and 
illuminated rhodopsin, but that for the anti D-rhod serum a vague 
precipitation line is also formed with dark-adapted rhodopsin. An 
explanation for the deviating diffusion patterns of the anti D-rhod 
serum and the anti SDS-ROS serum will require further investigation. 
5.5. Summary 
Three different antisera against rhodopsin were characterized 
and compared with the antiserum against dark-adapted rod outer 
segment membranes. 
The three antisera, anti D-rhod, anti L-opsin and anti SDS-ROS 
showed similar affinity for illuminated rod outer segment membranes 
in an immunofluorescence experiment. 
Micro complement fixation assays, which allow a more quantitative 
approach, showed that the three antisera interact very well with 
membrane bound rhodopsin preparations. Detergent solubilization of 
rhodopsin, however, decreases the affinity of the antibodies for the 
antigens. The extent of this decrease varies with the different 
antisera and the different rhodopsin preparations. The antiserum, 
raised with illuminated lipid-free rhodopsin (anti L-opsin) reacts 
very well with illuminated and thermally denatured, but not with dark-
adapted rhodopsin, resembling in this respect the anti D-ROS serum. 
The anti D-rhod serum, raised in rabbits (which were previously 
immunized with dark-adapted rod outer segment membranes) with dark-
adapted, lipid-free rhodopsin has the opposite specificity. The 
anti SDS-ROS serum raised with denatured rhodopsin, reacts with all 
rhodopsin preparations to nearly the same extent. 
The Ouchterlony double diffusion patterns obtained with the 
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anti L-opsin are in agreement with the micro complement fixation 
experiments just as is the case for the anti D-ROS serum. The patterns 
for the anti D-rhod serum and the anti SDS-R05 serum do not agree very 




SPECIFIC RADIOIMMUNOASSAY FOR OPSIN 
6.1. Introduction 
Rhodopein can easily be determined quantitatively by spectrophoto-
metry (Hubbard et al.,1971), uith a detection limit in the nanomole 
(pgram) range. This is not sensitive enough for the determination of the 
(rhod)opsin content in retina's of retinal dystrophic animals (Sanyal 
et al., 1980; Sanyal and Jansen, 1981) or in pigment epithelial cells. 
Spectrophotometnc determination of opsin, which requires prior conver-
sion to rhodopsin by reaction with 11-cis-retinaldehyde, is cumbersome. 
inaccurate and subject to many limitations (Hubbard et al., 1971). 
Lentrichia et al. (19B0) developed a radioimmunoassay for rhodop-
sin ï/ith a sensitivity of 0.1 pmol. This assay uas performed in the 
light, so it really measures opsin. It is not clear from their experi-
ments «hether their antiserum can discriminate between rhodopsin and 
opsin. 
Our studies of the immunology of rhodopsin, in which special 
attention was paid to the interference of detergents in immunoassays 
like double diffusion (section 3.3.3), crossed Immunoelectrophoresis 
(section 3.3.2) and micro complement fixation (section 4.3.2) indicated 
that antibodies against bovine rod outer segment membranes are under 
certain conditions able to discriminate between opsin and rhodopsin. 
In the presence of a non-ionic detergent like Emulphogene BC-720, the 
antibodies in these tests only recognize opsin, generated by illumina-
tion or denaturation of rhodopsin. This knowledge has now been applied 
to the development of a radioimmunoassay for opsin, which is very 
rapid and sensitive. It has a working range from 0.01 to 0.25 pmol of 
the protein. The assay is shown to be specific for opsin, without 
cross-reactivity towards rhodopsin. Consequently the method allows the 
determination of opsin and rhodopsin in each other's presence, by 
performing the assay before and after illumination of the sample. 
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6.2. Materials and methods 
6.2.1. Materials 
125 Carrier-free Na I (100 mCi/ml) was obtained from Nein England 
Nuclear (Dreieich, W. Germany), DASP (double antibody solid phase) from 
Organon Teknik B.V. (Oss, The Netherlands) and Sephadex G-25 (medium) 
from Pharmacia (Uppsala, Sweden). Hemoglobin, Emulphogene BC-720 and 
bovine serum albumin (BSA) were obtained from Sigma (St. Louis, USA) 
and chloramine-T, sodium metabisulphite and Tween 80 from Boom (Meppel, 
The Netherlands). Purple membranes purified-from Halobacterium halobium 
R, were a gift from Dr. H. Westerhoff, University of Amsterdam (The 
Netherlands), while 11-cis retinal was prepared in our laboratory as 
described by De Grip et al. (1972). 
6.2.2. Preparation of rod outer segment membranes 
Rod outer segments and lipid-free rhodopsin were prepared from 
cattle retina in dim red light as described in section 3.2.2. Enriched 
rhodopsin was prepared by incubating outer segment membranes with 11-cis 
retinal as previously described (De Grip et al., 1972; 19B0). This 
procedure reduced the amount of opsin in our standard rhodopsin prepa­
rations (about 4%) by a factor of ten. Opsin standards were obtained 
by illumination of rod outer segment membranes solubilized in IS 
Emulphogene BC-720 (0.2B mg/ml rhodopsin). The suspension was then 
diluted to final concentrations ranging from 0.001 to 1.0 pmol opsin 
in 20 μΐ standard phosphate buffer (0.02 M phosphate buffer pH 7.6, 
0.9SÍ NaCl, 0.1Й BSA, 0.1S Emulphogene BC-720, 0.0023! hibitane). 
6.2.3. Antibody preparation 
New Zealand white rabbits were injected with an emulsion of 0.1 
mg dark-adapted rod outer segment membranes in 1.0 ml isotonic saline 
containing 2% Tween 80 and an equal volume of Freund's complete adju­
vant (section 2.2.3). The obtained antisera were used without further 
purification and stored at -20 C. The antiserum was specific for opsin, 
as it did not show reaction with other rod outer segment proteins in 
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crossed Immunoelectrophoresis (section 3.3.2). 
6.2.4. Labeling of opsin with I 
Illuminated rhodopain was iodinated at room temperature by a 
modification of the chloramine-T procedure of Greenwood et al. (1963). 
The following preparations were mixed: 20 yl of 2.5 yg opsin in 
0.05 M phosphate buffer containing 0.55! Emulphogene BC-720, 5 μΐ of 
125 
Na I (0.5 mCi) and 5 μΐ of 1 mg/ml chloramine-T in 0.5 M phosphate 
buffer. After gentle mixing for 30 sec. the reaction was stopped by 
the addition of 100 μΐ 24 mg/ml sodium metabisulphite in 0.05 M phos­
phate buffer and 200 μΐ 100 mg/ml KI in standard phosphate buffer, 
containing IS BSA. The iodinated protein was separated from excess 
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I-iodide by gel filtration on a Sepahadex G-25 (medium) column 
(0.9 cm χ 15 cm). The column was first equilibrated with the standard 
buffer described above, which was also used as elution buffer. Frac­
tions of 0.5 ml were collected and the radioactivity was counted in a 
Nuclear Enterprise gamma counter (NE 1600). The radioactive fractions 
contained the labeled protein as confirmed by trichloroacetic acid 
precipitation. The fractions were pooled and stored at -20 C. 
6.2.5. Antiserum dilution curves 
An antiserum dilution curve was constructed in order to permit 
choosing an appropriate antiserum dilution for the final assay. Incu­
bation conditions and a method for separating free and bound tracer 
were assessed in preliminary tests. For the separation we used DASP, 
solid phase bound sheep anti-rabbit immunoglobulines in a tenfold 
dilution in standard phosphate buffer. The dilution of DASP needed to 
precipitate the bound tracer maximally was verified by a second 
antibody titration, using excess antiserum (1/2000 diluted). 
The antibody dilution curve was constructed as follows. To 
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replicate aliquota of 0.01 pmol ( I)-opsin in 20 yl standard phos­
phate buffer, 200 μΐ of various dilutions of antiserum from 1/2000 to 
1/200,000 in standard phosphate buffer and 200 μΐ standard phosphate 
buffer were added. Non-specific binding was checked by using a 1/2000 
dilution of normal rabbit serum instead of antiserum. After standing 
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for 24 h at room temperature, 1 ml of 1/10 diluted DASP was added to 
each tube. The solutions were then centrifuqed (5 min, 2000g) and the 
pellets washed once. The radioactivity in the pellets was measured. 
The sensitivity of the assay was determined by an experiment as 
proposed by Hunter (1978). Antiserum dilution curves were constructed 
125 in the manner described, but instead of 0.01 pmol ( I)-opsin 0.1 
pmol and 0.001 pmol of the tracer were used. 
6.2.6. Standard curves and specificity 
125 The antiserum dilution and the amount of ( I)-opsin to be used 
in the assay were chosen from the antibody dilution curves. Mixed 
together were: 20 yl of 0.001 to 1.0 pmol unlabeled opsin in standard 
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phosphate buffer, 20 yl of 0.01 pmol ( I)-opsin in standard phos-
phate buffer, 200 yl of 1/100,000 diluted antiserum in standard phos-
phate buffer and 200 yl standard phosphate buffer. In two control 
samples unlabeled opsin was omitted, while one contained antiserum 
(maximal binding). 
Standard curves were constructed by plotting the percentage of 
maximally bound tracer (in the absence of unlabeled antigen) versus 
the logarithm of the amount of added unlabeled antigen in pmol per 
tube, as determined spectrophotometrically (De Grip et al., 1972; 1980). 
The amount of bound radioactivity was corrected for non-specific bin-
ding. The central part of these curves could be approximated by a 
straight line with the aid of a least-square fitting program. 
Some experiments were performed in the delayed addition mode. 
This means that the tracer was not added at the same time as the unla-
beled opsin but after standing for 24 h at room temperature. 
The specificity of the radioimmunoassay was checked by means of 
experiments, in which opsin was replaced by rhodopsin or enriched 
rhodopsin preparations (0.01 to 2.0 pmol rhodopsin in 20 yl standard 
phosphate buffer). The tracer was added after 24 h at room temperature 
and the whole procedure was carried out in dim red light. 
Hemoglobin and bacteriorhodopsin were tested for cross-reactivity 
by using 0.1 to 100 pmol of these proteins in 20 yl standard phosphate 
buffer in the assay. 
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6.2.7. Retinas of various species 
Cattle and rabbit retinas and whole mouse eyes were homogenized 
in standard phosphate buffer containing 1% Emulphogene BC-720. After 
standing at 4 С for 16 h, the suspensions were centrifuged (30min, 
90,000g). Rhodopsin was protected from photolysis by carrying out all 
procedures in dim red light. The rhodopsin concentration in the super­
natant was calculated from spectrophotometric measurements (De Grip 
et al., 1972; 19Θ0). On the basis of these results, the samples were 
diluted appropriately and analysed with our radioimmunoassay. 
6.3. Results 
6.3.1. Labeling and antibody dilution curves 
The chloramine-T procedure for the labeling of opsin with radio-
125 
active iodine yielded ( D-opsin with a specific activity of 
125 
approximately 4400 Ci/mmol). This means that about 1.7 mol I was 
incorporated per mol opsin. With excess antiserum it was possible to 
bind maximally 65Й of the radioactivity present in the mixture, 
whereas more than 95!« could be precipitated by trichloroacetic acid. 
Although in theory up to 100S of the labeled antigen should have been 
bound under the conditions used, this optimum is rarely achieved and 
it is not uncommon to find values of 70S or less (Chard, 19B0). This 
may be due to impurities in the antigen solution, antigen damage or 
dissociation of the antigen-antibody complex during the separation step. 
In our case the major problem might be the presence of impurities. A 
washed outer segment membrane preparation contains about 50% lipids 
and 4S non-rhodopsin protein on a dry weight basis (De Grip et al., 
1980). Non-specific binding, as measured by the binding of labeled 
antigen to normal rabbit serum, amounted to 2-43 of total radioacti­
vity. 
125 The antibody dilution curve, using 0.01 pmol ( I)-opsin 
(fig. 6.1,о о), indicates that at 1/100,000 antiserum dilution 60% 
of the maximally bound radioactivity was precipitated. This dilution 
was used in all subseguent assays. 
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1/2 1/8 1/32 1/128 1/512 1/2048 
ANTISERUM DILUTION ( χ 1000 ) 
Figure 6.1. Antiserum dilution curves. 
Experimental procedures are described in section 6.2.ή. 
Percentage of maximal binding was plotted against antiserum 
dilution for different amounts of (I25I)-opsin added: 
0.1 pmol (Δ), 0.01 pmol (a) and 0.001 pmol (o). 
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Tenfold lowering of the amount of ( I)-opsin added per tube 
(from 0.01 to 0.001 pmol) should shift the antibody dilution curve to 
the right, such that half-maximal bindinq is found at a tenfold higher 
antiserum dilution. The opposite is expected when the amount of tracer 
added is raised tenfold (from 0.01 to 1.0 pmol). Fig. 6.1 shows that 
this did not really occur, presumably due to a failure of antigen and 
antibody to ract at this attenuated dilution (Hunter, 1978). Hence, we 
conclude that the sensitivity of the assay is in the order of 0.01 
pmol opsin per tube. Further lowering of the labeled opsin concentra­
tion cannot be expected to improve the sensitivity, but would only 
increase the experimental error due to the smaller quantities used. 
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Figure 6.2. Standard curves for the radioimmunoassay of opsin. 
Experimental procedures are described in section 6.2.5. Percentage of 
maximal binding is plotted against the arrount of unlabeled opsin added 
in pnol/tube (log-scale) after simultaneous (·) and delayed (o) 
addition of the tracer. Each point represents the mean of three experi­
ments (with standard deviation). 
6.3.2. Standard curves 
The sensitivity of our radioimmunoassay is about D.01 pmol opsin 
per tube and it has an effective «forking range from 0.01 to 0.25 pmol 
opsin/tube (15S to В5Й of maximal binding, Fig. 6.2, ·—·). Linear 
regression analysis of the five points in the central part of the sig-
moidal curve yielded a correlation coefficient of 0.99, each point 
representing the mean of three experiments. The reproducibility is good 
(2-4Ä), which can be seen from the standard deviation of the separate 
points in this part of the curve. When labeled opsin was added after 
standing for 24 h, at room temperature, the resulting standard curve 
shifted to the left (Fig. 6.2, о — о ) . This made the assay about two 
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Figure 6.3. Standard curues for opsin (•), non-enriched rhodopsin (о) and 
enriched rhodopsin (о) preparations (delayed addition). 
Percentage of maximal binding is plotted against the amount of (rhod)opsin 
in pmol/tube (log-scale), experimental procedures are described in 
section 6.2.5. 
simultaneous addition of tracer and unlabeled antigen gave higher 
reproducibility and was less laborious, they were generally added 
simultaneously. 
6.3.3. Specificity 
The specificity of the radioimmunoassay for opsin was investiga­
ted as follows. When a standard rhodopsin preparation was tested in the 
the assay, the inhibition curve shifted to the right (Fig. 6.3, о — о ) , 
as compared to that for opsin (Fig. 6.3, • — · ) . The rhodopsin prepara­
tions were known to contain about 5й opsin. This residual opsin was 
converted to rhodopsin by treatment with 11-cis retinal (De Grip et al., 
1972; 1980). The enriched rhodopsin preparation showed a further shift 
of the inhibition curve to the right (Fig. 6.3,о о). The fact that 
the inhibition curves for opsin, non-enriched rhodopsin and enriched 
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From these values the amounts of opsin present in the non-
enriched rhodopsin preparations were calculated (last column). 
rhodopsin were nearly parallel suggests identity of the antigen 
(Hunter, 197Θ; Chard, 1978) viz. the opsin present as an impurity in 
the rhodopsin preparations. The amount of opsin in these preparations 
could be calculated from the half-maximal inhibition values (Table 6.1). 
Thus u/e found values of 6.4Й opsin in the non-enriched rhodopsin 
preparation and of 0.5/S opsin in the enriched rhodopsin preparation, 
close to the expected values. The remaining 0.5SS opsin in the enriched 
preparation vas most likely denatured, non-regenerable opsin, since in 
the micro complement fixation test heat- or acid-denatured and intact 
opsin reacted equally well (section 4.3.2). Instead of plotting the 
percentage of maximally bound tracer against the amount of total anti­
gen added, it can be plotted against the actual amount of opsin present 
calculated from the percentage of opsin (Table 6.1) in the different 
preparations. The linear correlation between the resulting points was 
excellent (Fig. 6.4). Linear regression analysis yielded a correlation 
coefficient of 0.99. Hence, 0.01 pmol of opsin gave the same inhibition 
curve with or without the presence of op to a 200-fold excess of rho­
dopsin. Thua under the conditions used the assay was specific for 
opsin (viz. illuminated and presumably denatured rhodopsin). This was 
confirmed by other immunoassays applied to the same antiserum like 
double diffusion, crossed Immunoelectrophoresis and micro complement 
fixation (sections 3.3.2; 3.3.3 and 4.3.2). Hence this radioimmunoassay 
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Figure 6.4. Inhibition of tracer binding by opsin in three dif­
ferent preparations. 
Preparations: pure opsin (·), opsin in 16-fold excess of rhodop-
sin (o) and in 200-fold excess of rhodopsin (Δ). The amount of 
opsin «as calculated from the opsin percentages in the prepara­
tions as given in Table 6.1. The percentage of maximal binding 
is plotted against the amount of opsin in pmol/tube (log-scale). 
Experimental procedures are described in section 6.2.5. The plot 
shoii/n is calculated by linear regression analysis of the thirteen 
data points. 
presence by measuring the amount of opsin before and after illumination. 
Bacteriorhodopsin and hemoglobin caused no inhibition at amounts 
of up to 100 pmol/tube, which is a 10,000-fold molar excess as compared 
to the amount of opsin resulting in significant inhibition of tracer 
binding. 
6.3.4. Opsin in various retinal preparations 
The results of experiments with various retinal preparations are 
shown in Fig. 6.5. The standard curve obtained for whole bovine retina 
correlated well with that for purified bovine outer segment membrane 
preparations. This proved that our radioimmunoassay is suitable for 
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Figure 6.5. Standard curves for opsin extracted trom v/anous retinal pre­
parations. 
Opsin extracted from whole retina homoqenates from rabbit (Δ) and cattle (π), 
from whole eye homoqenates from mice (») and from purified bovine rod outer 
segment membranes (o). Percentaqe of maximal binding is plotted against the 
amount of antigen added (pmol/tube, loq-scale). Experimental procedures are 
described in section 6.2.6. 
determining the opsin content in crude bovine retina preparations. 
The inhibition curves for homoqenates of mouse eye and rabbit 
retina ere more shallow than those for bovine opsin. This indicates 
that the antibodies elicited in rabbit against bovine rod outer 
segments have a much lower affinity for mouse and rabbit opsin, than 
for bovine opsin under the conditions used. 
Even at very high amounts of mouse opsin the percentaqe of 
maximal binding never dropped below 70%. This suggests that a part of 
the antibody population binds to an antigenic site on the tracer which, 
in contrast to bovine opsin, is not present or available on mouse 
opsin. For rabbit opsin ue could not check this because of the very low 
affinity of the antiserum for this protein, which might be due to the 
fact that this species was used to elicit the antibodies. 
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When correction for non-specific binding u/as made by subtracting 
the amount of tracer bound in an excess of unlabeled antigen instead 
of the amount of tracer bound to normal rabbit serum, it шач possible 
to construct an alternative curve which iuas nearly parallel to that 
for bovine opsin. This indicates that the apparent affinity of the 
antiserum for the antigenic sites common on mouse and bovine opsin is 
of comparable magnitude. 
6.4. Discussion and conclusions 
The radioimmunoassay presented here is rapid and sensitive. When 
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( I)-opsin and unlabeled opsin are added simultaneously, the effec­
tive uorking-range is about 0.01-0.25 pmol opsin per tube or 0.5-12.5 
pmol per ml. The assay is specific for opsin and gives accurate results, 
even in the presence of a large (up to 200-fold) excess of rhodopsin. 
The assay can be used to determine opsin and rhodopsin in each other's 
presence by measuring the amount of opsin in the sample before and 
after illumination. It is possible to measure opsin contents of crude 
preparations like bovine retina homogenates. The sensitivity is at 
least 2000 times higher than that of spectrophotometnc methods and It 
is 10 times more sensitive than the radioimmunoassays developed by 
Lentrichia et al. (19fi0) and, more recently, by Peterson et al. (19B3). 
The experiments with crude rhodopsin preparations of various 
species demonstrate the promising potential of this radioimmunoassay 
for functional and immunopathological studies of the retina. 
6.5. Summary 
A radioimmunoassay has been developed for bovine opsin using a 
rabbit antiserum against bovine rod outer segment membranes. The assay 
is specific for opsin. Rhodopsin, bactenorhodopsin and hemoglobin do 
not sbavi any cross-reaction. The assay can be carried out rapidly, has 
a sensitivity of 0.01 pmol (0.4 ug) of bovine opsin and gives accurate 
results, even in the presence of a large excess of rhodopsin. Under 
the conditions described, the assay can be used to measure bovine opsin 
and rhodopsin in each other's presence by running a sample before and 
after illumination. The sensitivity is 2000 times higher than v/ith the 
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.spectrophotometric method. The assay can also be used to determine the 
opsin content in crude preparations like bovine retina homogenate. 
Rabbit and mouse opsin can also be assayed with a reasonable degree оΓ 






Antibodies directed against the visual pigment rhodopsin present 
a powerful tool, both for fundamental studies of properties, structure, 
function and localization of the rhodopsin molecule and for our 
understanding of a possible role of rhodopsin as antigen in retinal 
pathology. Several publications have appeared, which describe the use 
of antibodies elicited against rhodopsin (section 1.5). In these 
publications the exact state of the injected antigen has generally not 
been very \»ell defined and the antibodies have mainly been used for 
immunohistochemical detection of rhodopsin molecules in the membranes 
and of rhodopsin in its nascent stage during biosynthesis. Several 
reports suggest a possible role of rhodopsin in eye diseases, but these 
deal more u/ith the influence of rhodopsin on the cellular immune 
response. 
The antisera prepared in these earlier studies did not reveal any 
difference in reaction with dark-adapted or illuminated rhodopsin. It 
was therefore not possible to study that most remarkably characteristic 
of rhodopsin, its light-induced structural change, from an immunochemi-
cal point of view. Therefore we have tried to manipulate the antibody 
population by immunizing rabbits with rhodopsin in various conforma-
tional states. 
7.2. Specificity of various rhodopsin antisera 
Four different detergent solubilized rhodopsin preparations have 
been used as immunogen: 
1. dark-adapted rod outer segment membranes, which raised the antiserum 
called anti D-ROS. 
2. dark-adapted lipid-free rhodopsin, which raised the antiserum called 
anti D-rhod. 
3. illuminated denatured rod outer segment membranes, which raised the 
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antiserum called anti L-opsin. 
4. illuminated denatured rod outer segment membranes, vuhich raised the 
antiserum called anti SDS-ROS. 
We have presented evidence that it is indeed possible to raise 
antisera which show diFFerent reactivity against dark-adapted and 
illuminated rhodopsin. However, these diFFerences are not prominent 
when rhodopsin is membrane bound, but only aFter its solubilization in 
particular detergents. 
Our Findings can be summarized in the Following conclusions: 
1. In the membrane-bound state, rhodopsin is always recognized by 
our antisera, irrespective oF its conFormational state. This does not 
imply that lipids are involved in the antigenic reaction, since lipid-
Free rhodopsin is also antigenic (section û.3.1). Hence, For the 
immunochemical assay oF rhodopsin in the membrane the conFormational 
state oF the antigen does not appear to be oF much importance, either 
during immunization or in the Final assay. 
2. Upon solubilization in detergent, proFound eFFects are observed 
depending on the detergent and the type oF antiserum. Upon raising the 
detergent/(rhod)opsin molar ratio, biochemically intact rhodopsin is no 
longer recognized by anti D-ROS and anti L-opsin, while only denatured 
rhodopsin yields precipitation lines or induces complement Fixation. 
The opposite is true For anti D-rhod, which no longer reacts with 
denatured rhodopsin, while intact rhodopsin is still recognized. Anti 
SDS-ROS appears also to react to a lesser extent with detergent-
solubilized rhodopsin, but does not show any preFerence For denatured 
or intact rhodopsin. 
3. Under the right conditions immuno-discrimination between 
rhodopsin and opsin is Feasible. The detergent appears to intensiFy 
subtle conFormational diFFerences between rhodopsin and opsin, as 
maniFested by their thermal stabilities. Anti D-ROS and anti L-opsin 
in the presence oF mild detergents like Triton X-100 or Emulphogene 
BC-720, react with opsin, but not with rhodopsin. Anti D-rhod, under 
the same conditions, reacts with rhodopsin, but not with opsin. This 
phenomenon was applied in the development oF a specific and sensitive 
radioimmunoassay by means oF anti D-ROS For opsin, without cross-
reaction with rhodopsin 
The Fact that all conFormations oF membrane-bound rhodopsin 
102 
reacted with all four antisera explains why the light-dark specificity 
of the antisera from the different research laboratories was the same 
in immuno-histochemical investigations. Other investigators found no 
immunochemical difference between dark-adapted and illuminated 
rhodopsin after detergent solubilization of the rhodopsin preparations. 
This suggests that the inmunogens used for raising their antisera were 
like the one used for our anti SDS-ROS. This is evident for the immuno-
gens of Papermaster et al. (1975) who used sodium dodecylsulfate 
solubilized opsin from sodium dodecylsulfate Polyacrylamide gel 
electrophoresis slices. For the antisera of other investigators this is 
not immediately evident, but it appears that their immunogens were also 
denatured after injection in the rabbit before they reached the immune 
system. 
7.3. Antigenic structure of rhodopsin 
It appears that after detergent solubilization, under the various 
conditions used in our experiments, different antigenic determinants 
are unmasked. Actually, we need to know more about the antigenic 
structure of rhodopsin for a better understanding of this phenomenon. 
How many antigenic determinants are present on the molecule7 Are they all 
different or do some occur repeatedly9 Where are they located on the mole­
cule7 For our understanding of retinal pathology it is important to know 
whether the antigenic determinants of rhodopsin are also occunng on 
other retinal proteins: are there proteins with common antigenic 
determinants7 
Some information on this topic has been obtained by studying 
proteolytic fragments (B kDa, 12 kDa, IB kDa) of rhodopsin prepared with 
chymotrypsin and proteinase К (De Grip and Hargry, 1982). With crossed 
Immunoelectrophoresis and labeling of the fragments in Polyacrylamide 
125 gels by antiserum, followed by I-protein A labeling (Adair, 1978), we 
found that only the 18 kDa fragment, which contains the oligosaccharide 
chains, reacts with the antiserum. Thus the antigenic site for anti D-ROS 
resides in the N-terminal half of rhodopsin. Preincubation of rhodopsin 
with the lectin concanavalin A, which binds to the N-terminal oligosac­
charide chains, reduces the antigenicity of rhodopsin towards anti D-ROS. 
This also suggests that one or more other sites are located on or near 
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the N-terminal oligosaccharide moieties. Residual antigenic activity 
suggests that one ore more other sites-are present in the N-terminal 
part of rhodopsin, which are not covered by concananvalin A 
Sonication experiments also support the location of the major 
antigenic determinants on the N-terminal end of rhodopsin, since in 
intact bovine rod outer segment membranes, only the rhodopsin molecules 
present in the plasma membrane (ca. 1.5% of the total amount of rhodop-
sin molecules; Kamps et al.,1982) are accesible to the antibodies, while 
after sonication 50Ä is accesible, due to the induction of random 
inside-out orientation of the rhodopsin molecules. Detergent solubili-
zation which ultimately strips the whole molecule of the lipid bilayer, 
exposes twice as many antigenic sites than attainable by sonication. 
Further refinement of this first positioning of the antigenic determi-
nants is obviously required. Another important question requiring 
further investigation is how these sites are manipulated by the 
presence of detergents in producing the effects on antibody affinity 
described in the preceding chapters. One approach would be to raise 
antibodies against the various proteolytic fragments of rhodopsin and 
to search for antigenic determinants which are immunogenically inferior 
to the N-terminal determinants. 
A further use of the rhodopsin antibodies would be in studying 
with more precision the localization of rhodopsin in the membranes of 
the rod cells, following the approach of Louvard et al. (1976). With 
their methodology the number of antigenic determinants that emerge from 
the membrane under various conditions can be determined. 
7.4. Application of anti (rhod)opsin sera for investigation of 
rhodopsin biosynthesis. 
The application of specific antisera is also indispensable for the 
elucidation of the mechanism of the rhodopsin biosynthesis. The anti-
serum is then used for the isolation of the translation products of the 
opsin messenger RNA. The mechanism of the rhodopsin biosynthesis is an 
interesting fundamental problem. The biosynthetic activity in the rod 
inner segments has to be enormous, since the membranes of the rod outer 
segment of mammalian retina's are renewed every θ - 10 days. What is the 
mechanism of the rhodopsin insertion in the membrane? Papermaster et al. 
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(1978) found the earliest demonstrable translation product of the opsin 
messenger RNA to be already bound to the endoplasmatic reticulum mem­
branes. Via the Golgi system it is then transported to the rod outer 
segment membranes. Schechter et al. f1979) showed that its insertion in 
the membrane is not conducted by a transient hydrophobic peptide at the 
N-tertninal end, which is later split off. Goldman and Blobel (1981) 
showed that in vitro a core glycosylated form of bovine rhodopsin was 
synthesized and integrated in dog pancreas membranes present during 
translation. The question how the opsin is associated with the membrane 
is still to be answered. Is this occurring immediately after the start 
of the translation via a hydrophobic signal (Signal Hypotheis of Blobel 
and Dobberstein, 1975) 7 Or is the chain first completed without 
glycosylation, thereafter associated with the endoplasmatic reticulum 
membranes, then inserted by a membrane-induced conformational change 
leading to insertion (Trigger Hypothesis of WicUner, 1979) 7 This 
Hypothesis is more conceivable with an opsin chain crossing seven times 
through the lipid bilayer. 
The earliest translation products found by Schechter (1979) and 
Goldman and Blobel (1981) after immunoprecipitation with Papermaster's 
antiserum was a 32 kDa protein, believed to be the поп-glycosylated form 
of opsin. Conformationally specific antisera would be a useful tool to 
look for precursors of opsin. Our antisera, which can have a detergent-
induced specificity for the dark-adapted and the illuminated conforma­
tions, could be used for that goal. Therefore we have performed some 
preliminary experiments. Free polysomes and polysomes released from 
membranes, prepared from bovine retina were translated in a cell-free 
and membrane-free rabbit reticulocyte lysate. After one hour incubation 
in the presence of an amino acid mixture containing radioactivelly 
labeled methionine, we tried to precipitate opsin-related products from 
the translation mixture and to visualize them with sodium dodecylsulfate 
Polyacrylamide gel electrophoresis, followed by autoradiography. 
In the absence of detergents we could precipitate a 34 kDa protein, 
which seems to be the same as Papermaster's and Goldman's non-glycosylated 
form of opsin. In the presence of detergents, when the antisera display 
their conformational specificity, 23 kDa and 47 kDa proteins are precipi­
tated, especially from the translation mixture stimulated by free 
polysomes. It is not yet clear whether we are dealing here with орчіп-
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related structures or with cross-reacting proteins. One should now 
search For opsin-related translation products with the various antisera 
in the presence of different types of detergents. 
The discovery of an immature, only partly synthesized opsin may 
also contribute to the search for pathogenic proteins, which could 
trigger autoimmune diseases and other eye disorders as uveitis, 
retinitis pigmentosa and dystrophy of the retina. These pathological 
conditions often lead to partial or full loss of vision. They can be 
accompanied by inflammatory processes in the eye, whereby rhodopsin-
related proteins can stimulate the immune system. Indications which 
support these suppositions have recently been found by Brinkman (19B0). 
In this thesis we have studied the immunochemical interactions 
between various rhodopsin structures and their antisera. It seems 
unlikely that the nature of these interactions are unique for rhodopsin. 
Probably the specificity of antisera against other membrane proteins can 
be manipulated by application of particular detergents in the immunasaays. 
This may open new possibilities for the immunochemical research of 
membrane bound antigens. 
106 
SUMMARY 
IMMUNOCHEMICAL ASPFCTS OF THE VISUAL PIGMENT RHODOPSIN 
Rhodopsin is the light-sensitive protein, which is found in the 
retina of vertebrates. It is located in the rod and cone cells of the 
retina and is one of the most important links in the visual proces. 
Due to ita water insolubility it is very difficult to investigate 
rhodopsin uith biochemical technigues and consequently its properties 
have only recently been elucidated. So its full amino acid sequence 
was not determined before the end of 1982. Little is known about the 
three-dimensional structure of the protein, its exact location in the 
membrane, its biosynthesis and its precise function in the visual 
proces. 
Immunochemical techniques, based on the specific interaction of 
antibodies with antigens, can be a very important aid in the elucida-
tion of these aspects. Antibodies can be used for the isolation of 
rhodopsin from crude extracts, for the determination of very small 
quantities of rhodopsin, for the characterization of biosynthetic 
precursors of rhodopsin and for the invebtiqation of its structure 
and its location in the membrane. 
In this thesis we describe how various antisera are raised against 
rhodopsin and under which conditions the various rhodopsin conforma-
tions react with these antisera. It is found that the presence or 
absence of detergents may be a factor of importance in these reactions. 
In chapter 1 the characteristics of rhodopsin, the rod cell and 
the visual mechanism are described. Rhodopsin is mainly located in the 
disk membranes present in the outer segment of the rod cell. The 
protein consists of an apoprotein, called opsin, to which the chromo-
phore 11-cis-retinaldehyde is covalently bound. Upon illumination a 
series of conformational changes occurs by which finally the linkage 
between opsin and chromophore is broken. Finally, the main immuno-
logical principles with special attention to the humoral response 
(antibody production) and the antigenicity of membrane proteins, are 
discussed. 
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In chapter 2 we describe hovu antisera are raised in rabbits with four 
different rhodopsin preparations: "anti D-ROS serum" is elicited by 
immunization with dark-adapted rod outer segment membranes, solubili-
zed in the detergent Tween 80. "Anti D-rhod serum" is elicited with 
dark-adapted, lipid-free rhodopsin, solubilized in Tween 80. "Anti 
L-opsin serum" is prepared with an illuminated lipid-free rhodopsin 
suspension and "anti SDS-ROS serum" with rod outer segment membranes, 
solubilized in the denaturing detergent sodium dodecylsulfate. The 
antibody titers are followed with the macro complement fixation tech-
nique, with denatured, Emulphogene BC-720 solubilized rod outer segment 
membranes serving as test antigen. It is obvious that the course of the 
antibody titer varied greatly for the different antisera. 
In chapter 3 the "anti D-ROS serum" is extensively characterized 
with the usual immunochemical gel precipitation techniques, such as 
Ouchterlony double diffusion and rocket irnmunoelectrophoresis. The 
water insolubility of rhodopsin makes it necessary to use detergents in 
these techniques. Remarkably, dark-adapted rhodopsin is not precipitated 
by the antiserum, unless a denaturing detergent is used or the rhodopsin 
i» previously denatured by acid or heat. On the other hand illuminated 
rhodopsin is precipitated under nearly all conditions, unless a very 
mild detergent is used. These observations would suggest that rhodop-
sin is antigenic only after denaturation of its protein structure. 
However, immunofluorescence experiments in which the antiserum reacts 
with illuminated rhodopsin in situ in the membrane show that the anti-
serum is capable of reacting with non-denatured opsin. 
In chapter 4 the same antiserum is studied with the micro comple-
ment fixation technique, which can be used with insoluble antigens. It 
shows that in the absence of detergent rhodopsin and opsin hardly dif-
fer in reactivity for the antiserum. However, when the antigens are 
solubilized in the detergent Emulphogene BC-720, complete loss of the 
complement fixation capacity of the antiserum already occurs at a low 
detergent concentration. This concentration is lO-fold higher for opsin 
than for rhodopsin. When the effects of other detergents are studied 
with the micro complement fixation technique, it becomes clear that 
detergents mask the antigenicity of biochemically intact rhodopsin 
108 
more efficiently than that of denatured rhodopsin preparations. 
Obviously there are conditions (i.e. detergent concentrations) at 
which it is possible to discriminate between rhodopsin and opsin by 
immunochemical means. 
In chapter 5 the specificity of the other three antisera is 
characterized with immunofluorescence, Ouchterlony double diffusion, 
rocket Immunoelectrophoresis and micro complement fixation techniques. 
All three antisera have nearly the same reactivity for the various 
rhodopsin preparations when these are associated with membranes. After 
solubilization in Emulphogene BC-720 the affinity of the antisera for 
the different rhodopsin preparations decreases here too. However, 
this decrease occurs at different rates for the various rhodopsin 
preparations (dark-adapted, illuminated and denatured). It is obvious 
that the specificity of the "anti D-rhod serum" is opposite to that 
of the "anti D-ROS serum", which has been extensively studied in 
chapter 4. The "anti D-rhod serum" recognises dark-adapted rhodopsin 
but not the illuminated or denatured conformation. The "anti L-opsin 
serum" has the same reactivity as the "anti D-ROS serum", while the 
"anti SDS-ROS serum" reacts to the same extent with dark-adapted, 
illuminated and denatured rhodopsin after solubilization in Emulpho­
gene BC-720. 
In chapter 6 the development of a radioimmunoassay for opsin is 
described, This assay allows a direct specific and highly sensitive 
determination of the fraction of illuminated rhodopsin in retina 
homogenates. Until now this was only possible with a spectrophotometnc 
technique, which is 2000 times less sensitive, requiring purification 
of the preparation and regeneration of the opsin to rhodopsin. The 
radioimmunoassay is also suitable for в reasonably accurate determina­
tion of the opsin content of the retina of mouse and rabbit. 
In chapter 7 the specificities of the four antisera are compared 
with each other and with that of the antisera of other investigators. 
Some preliminary experiments are described, by which the antigenic 
structure of rhodopsin may be elucidated. From these experiments it is 
concluded that the antigenic determinant(s) for "anti D-ROS serum" is 
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(are) located on the N-terminal part of rhodopsin. In this chapter ше 
also mention some results of biosynthesis experiments. In these expe­
riments the antisera are used to isolate and characterise unknown 
precursors of rhodopsin produced in biosynthetically active, cell-free 
systems. Finally the importance of the antisera for studying the 
pathology of the human retina is discussed. 
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SAMENVATTING 
IMMUNOCHEMISCHE ASPECTEN VAN THE VISUELE PIGMENT RHODOPSINE 
Rhodopsine is het lichtgevoelige eiuit, dat voorkomt in het net-
vlies van vertebraten. Het bevindt zich in de staafjescel van het 
netvlies en vormt een van de belangrijkste schakels bij het proces van 
het zien. Rhodopsine laat zich wegens zijn onoplosbaarheid in water 
moeilijk biochemisch bestuderen en veel van zijn eigenschappen zijn 
dan ook pas kortgeleden opgehelderd. Zo duurde het tot eind 1982 
voordat zijn volledige aminozuurvolgorde bepaald kon worden. Weinig 
is nog bekend over de driedimensionale structuur van het eiwit, zijn 
ligging in het membraan, zijn biosynthese en zijn functioneren in het 
visuele proces. 
Immunochemische technieken (welke berusten op de specifieke 
interactie van antilichamen met antiqenen) zouden een belangrijk 
hulpmiddel kunnen zijn bij het ophelderen van deze aspecten. Anti-
lichamen zouden bijvoorbeeld gebruikt kunnen worden voor isolatie van 
rhodopsine uit onzuivere extracten, voor het bepalen van zeer kleine 
hoeveelheden rhodopsine, voor karakterisering van aan rhodopsine ver-
wante, nog onbekende biosynthese producten en voor de bestudering van 
de structuur van rhodopsine en zijn ligging in het membraan. 
In dit proefschrift wordt beschreven hoe verschillende antisera 
konden worden opgewekt tegen rhodopsine en onder welke omstandigheden 
deze reageren met de verschillende rhodopsine structuren. Het al dan 
niet aanwezig zijn van detergentia blijkt bij deze reactie een grote 
rol te kunnen spelen. 
In hoofdstuk 1 wordt aandacht geschonken aan een aantal kenmerken 
van rhodopsine, de staafjescel en het visuele mechanisme. Rhodopsine is 
voornamelijk gelegen in de membranen van het buitensegment van de 
staafjescel. Het eiwit bestaat uit een apoproteine, dat opsine genoemd 
wordt, waaraan de chromofoor ll-cis-retinaldehyde covalent gebonden is. 
Bij belichting van rhodopsine vindt er een reeks conformatie verande-
ringen plaats, waarbij de binding tussen chromofoor en opsine verbroken 
wordt. 
In dit hoofdstuk worden ook een aantal immunologische principes en 
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methoden nader toegelicht, waarbij speciaal «/ordt ingegaan op de humo-
rale immuunrespons (antilichaam productie) en op de antiqeniciteit van 
membraan eiwitten. 
In hoofdstuk 2 wordt beschreven hoe in konijnen antisera werden 
opgewekt met vier verschillende rhodopsine preparaten: "Anti D-ROS 
serum" werd opgewekt door immunisatie met onbelichte, in het detergens 
Tween 80 opgeloste buitensegment membranen (ROS is de afkorting van 
rod outer segments, staafjes buitensegmenten; D betekent dark-adapted, 
onbelicht). "Anti D-rhod serum" werd opgewekt met onbelicht, lipide-
vrij, in Tween 80 opgelost rhodopsine, "anti L-opsin serum" met een 
belichte lipide-vrije rhodopsine suspensie en "anti SDS-ROS serum" 
met buitensegment membranen opgelost in het denaturerende detergens 
natrium dodecylsulfaet. De antilichaam titers werden gevolgd met de 
macro complement-fixatie techniek, waarbij gedenatureerde buitenseg-
ment membranen opgelost in Emulphogeen BC-720 als test-antigeen werden 
gebruikt. Het titer verloop van de antilichamen bleek bij de verschil-
lende antisera sterk te variëren. 
In hoofdstuk 3 wordt het "anti D-ROS serum" uitgebreid gekarak-
teriseerd met bekende immunochemische gel precipitatie technieken als 
de dubbele diffusie volgens Ouchterlony en de "raket" immunoelectro-
forese. Het gebruik van detergentia is bij deze technieken onvermijde-
lijk wegens de onoplosbaarheid van rhodopsine in water. Opvallend is 
dat onbelicht rhodopsine bij deze technieken niet precipiteert, tenzij 
een denaturerend detergens wordt gebruikt of het rhodopsine voorafgaand 
zuur- of hitte gedenatureerd is. Belicht rhodopsine daarentegen 
precipiteert onder bijna alle condities, tenzij een zeer mild detergens 
wordt gebruikt. Deze waarnemingen doen vermoeden, dat rhodopsine slechts 
antigeen zou zijn na denaturatie van zijn eiwitstructuur. Immunofluo-
rescentie studies, waarbij het antiserum reageert met belicht rhodopsine 
in situ in het membraan, laten echter zien dat het antiserum wel degelijk 
in staat is om met niet-gedenatureerd opsine te reageren. 
In hoofdstuk 4 wordt hetzelfde antiserum bestudeerd met de micro 
complement fixatie techniek. Deze techniek kan ook toegepast worden 
voor onoplosbare antigenen. Het wordt dan duidelijk, dat onoplosbaar 
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(met in detergens opgelost) rhodopsine en opsine nauweliiks uersrhil-
Ipn in reactiviteit ten opzichte wan het antiserum. Als de antigenen 
echter in het detergens Emulphogeen BC-720 opgelost v/orden, dan leidt 
dat reeds bij lage detergens concentraties tot volledig verlies van 
het vermogen tot complement fixatie van het antiserum in aanwezigheid 
van rhodopsine. Opsine verliest pas bij een IQx hogere detergens 
concentratie het vermogen om complement te fixeren. Door ook de 
effecten van andere detergentia met de micro complement fixatie tech-
niek te bestuderen, blijkt dat het verschil in reactiviteit het gevolg 
is van een betere maskering door detergentia van de antigemciteit van 
biochemisch intact rhodopsine dan van gedenatureerde rhodopsine 
preparaten. Er blijken dus condities (d.w.z. detergens concentraties) 
te zijn, waarbij immunochemisch onderscheid gemaakt kan worden tussen 
rhodopsine en opsine. 
In hoofdstuk 5 wordt de specificiteit van de andere drie antisera 
gekarakteriseerd met immunofluorescentie, Ouchterlony dubbele diffusie, 
"raket" immunoelectroforese en micro complement fixatie. Ook deze drie 
antisera blijken nagenoeg dezelfde reactiviteit te hebben ten opzichte 
van verschillende rhodopsine preparaten, als deze geassocieerd zijn 
met membranen. Na oplossing in het detergens Cmulphogeen BC-720 blijkt 
ook hier de affiniteit van de antisera voor de verschillende rhodopsine 
preparaten (onbelicht, belicht, gedenatureerd) af te nemen. Deze afname 
in affiniteit verloopt echter wel in verschillende mate voor de ver-
schillende rhodopsine preparaten. De specificiteit van het "anti 
D-rhod serum" blijkt dan precies tegenovergesteld te zijn aan dat van 
het in de vorige hoofdstukken beschreven "anti D-ROS serum". Het 
"anti D-rhod serum" herkent namelijk wel onbelicht rhodopsine maar niet 
de belichte of gedenatureerde conformatie. Het "anti L-opsin serum" 
gedraagt zich hetzelfde als het anti D-ROS serum" en het "anti SDS-ROS 
serum" reageert na oplossen in Emulphogeen BC-720 in dezelfde mate met 
onbelicht, belicht en gedenatureerd rhodopsine. 
In hoofdstuk 6 wordt beschreven hoe met het "anti D-ROS serum" 
een radioimmunoassay kon uorrien ontwikkeld, waarmee rechtstreeks met 
zeer grote gevoeligheid het belicht rhodopsine bepaald kan worden in 
retina homogenaten. Dit was tot nu toe slechts mogelijk met spertro-
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fotometrische technieken, die 2000 maal minder gevoelig zijn. Bovendien 
moeten daarbij de preparaten eerst opqe/uiverd worden en moet vervol-
qens het орчіпе geregenereerd «/orden tot rhodopsine. De radioimmuno­
assay blijkt ook geschikt om het opsine in de retina van muis en konijn 
met redelijke nauukeungheid te bepalen. 
In hoofdstuk 7 worden de specificiteiten van de vier antisera met 
elkaar en met die van de antisera van andere onderzoekers vergeleken. 
Enkele voorbereidende experimenten worden beschreven waarmee de antige­
ne structuur van rhodopsine verder bestudeerd zou kunnen worden. Uit 
deze experimenten blijkt, dat de antigene determinant(en) voor het 
"anti D-ROS serum" op het N-terminale gedeelte van rhodopsine gelegen 
is (zijn). In dit hoofdstuk worden ook enkele resultaten vermeld van 
biosynthese experimenten, waarbij de antisera gebruikt werden om 
onbekende rhodopsine precursors uit biosynthetisch actieve cel-vrije 
lysaten te isoleren en te karakteriseren. Verder wordt ingegaan op het 
belang, dat de ontwikkelde antisera zouden kunnen hebben bij het 
bestuderen van de pathologie van de humane retina. 
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IX 
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